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 A brief historical overview of the developments and breakthroughs of 
semiconducting polymers and their applications is given, and the concepts and current 
understanding of photovoltaic devices and light-emitting diodes is presented. The influence 
of the morphology on the performance of the opto-electronic devices is outlined and the 
approach of using semiconducting block copolymers is introduced. The advantages of using 
block copolymer in terms of morphological control on the nanometer scale are stressed and 
the synthetic approach that utilizes “living’ free radical polymerization techniques to obtain 
semiconducting block copolymer is presented. The challenges and problems of 
organic/metal and organic/organic interfaces are introduced and by using energy diagrams, 
the differences between photovoltaic devices and light-emitting diodes, are schematically 
depicted. Finally, the aim and outline of this thesis are presented. 
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1.1 Semiconducting polymers and their applications 
 
 Traditionally polymers have been associated with insulating properties in the 
electronic industry and are applied as insulators of metallic conductors or photoresists. 
Since the serendipitous discovery in 1977 of the doping of polyacetylene, which resulted in 
increasing the conductivity of polyacetylene by eleven orders of magnitude,1,2 many 
academic and industrial research laboratories initiated projects in the field of conducting 
polymers. Although the initial emphasis was on the conduction properties obtained by 
doping of conjugated polymers, since over a decade the research has focused on soluble and 
intrinsically (semi)conducting polymers. In the 25 years that have elapsed, many novel 
materials were designed, synthesized and developed for their specific physical or chemical 
properties and implemented in a variety of applications. 
 In 1990 the Cambridge group reported emission of light from a plastic sandwich that 
was connected to a battery.3 The discovery of electroluminescence (EL), i.e., the emission 
of light upon excitation by the flow of electric current, in conjugated polymers has provided 
a new impetus to the development of light-emitting diodes (LEDs) for display and other 
applications.4 In LEDs, the injected holes and electrons recombine and produce 
luminescence with a wavelength (color) that depends on the energy difference between the 
excited state and the molecular ground state. For the majority of conjugated polymers, 
electron injection is more difficult than hole injection, since the majority of conjugated 
polymers are more easily oxidized than reduced. Using metals with a low work function 
(e.g. calcium) as the cathode material has remedied this. However, calcium is highly 
susceptible to atmospheric degradation and should therefore be encapsulated by a metal that 
is not sensitive towards oxygen and moisture, like aluminum. With the appropriate choice 
of polymer and device design, external efficiencies of up to 4 % can be obtained, which is 
comparable with the best EL devices based on inorganic materials. Turn-on voltages of 5 V 
or below have also been achieved by the use of charge-transporting layers, enabling devices 
to be run from low-power sources like batteries. 
 Polymer-based electroluminescent displays provide a good alternative to the well-
established display technologies based on cathode-ray tubes and liquid-crystal displays 
(LCDs) with respect to processability and viewing-angle. Especially for the application in 
large-area displays and flexible displays, for which the conventional methods are not well 
suited, polymer light-emitting diodes (PLEDs) offer great advantages. 
 Two years after the breakthrough in Cambridge, the Santa Barbara group reported 
the first results on polymer-based photovoltaic cells,5,6 the principles of which can be 
regarded as the inverse of the EL process. In photovoltaic devices (PVDs), a bound 
electron–hole pair (exciton) is created upon illumination, which needs to be dissociated into 
separate charges that must be driven out by the built-in potential field between two 
electrodes with different work functions. To dissociate the exciton, the concept of electron 
donor and acceptor is frequently used, in which the electron affinity of the electron acceptor 
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should be larger than the ionization potential of the donor.7 Since the first publications, 
most PV cells are based on blends of poly(p-phenylene vinylene) (PPV) derivates and C60 
as light absorber/electron donor/hole conductor and electron acceptor/electron conductor, 
respectively, a combination which has proven promising.8,9 PPV-based materials are widely 
investigated for their opto-electronic properties10–13 and the ability of C60 to accept several 
electrons14 makes it a particularly attractive material for the use as electron acceptor. Its low 
solubility is a major drawback, however. A way to overcome this is the functionalization of 
C60 with side-chains or the incorporation of C60 into polymers, thus yielding materials that 
combine the physical properties of fullerene with the processability of polymers.15,16 
 Upon irradiation of an organic PVD, an exciton is created in the PPV phase, which 
is followed by a very rapid electron transfer (< 200 fs)17 to the C60 phase (photoinduced 
electron transfer). Since all other known competing relaxation processes in conjugated 
polymers occur on time scales that are orders of magnitude larger, this ultra-fast charge 
transfer must have a quantum efficiency of approximately unity, i.e., nearly all excitons that 
are created near the donor–acceptor (D–A) junction are transferred to the C60 phase. 
Despite the high electron transfer efficiency, the power conversion efficiency of 
polymer/fullerene-based photovoltaic devices is typically still in the range of one percent 
due to the low mobility of holes on the conjugated polymer and the formation of a non-
continuous pathways for the charges, which results in an inefficient collection of charges at 
the cathode and anode, respectively.18 Recently, power conversion efficiencies of 2.5–3 % 
were reported for mixtures of substituted PPV and C60 solution-processed from 
chlorobenzene.19,20 
 The importance of the field of semiconducting polymers was recently stressed by 
awarding the 2000 Nobel prize in chemistry to the discoverers Heeger, Shirakawa and 
MacDiarmid. Since the last decade the research has focused on the applications of soluble 
and intrinsically semiconducting polymers as active material in field-effect transistors,21–23 
light-emitting diodes,3,10,24–26 photodetectors,27 photovoltaic cells, 5,6,28,29 sensors30 and lasers 
(solution31,32 and solid-state33–37). In addition to the good performance of the material in 
these devices, they also provide a way towards patterned structures by inexpensive 
techniques such as spin casting, photolithography,38,39 ink jet printing,40–42 soft 
lithography,43 screen printing44 and micromolding45 onto almost any type of substrate, 
including flexible ones.46 
 
1.2 Structural organization in block copolymers 
 
 In recent years, the demand for advanced organic materials with new properties has 
sparked the development of novel and innovative synthetic methods that allow one to 
implement the desired functionality in a predictable and controllable way. Since many of 
these functional materials are of a composite nature, some structural organization is usually 
required for the material to efficiently perform its function. The organization may vary, 
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from simple dispersion with a proper domain size to preferential alignment, periodicity, 
asymmetry, etc. For the creation of the necessary structural order, with structural elements 
covering a wide range of length scales, concepts from supramolecular organic chemistry 
have been applied with great success.47–49 Meanwhile, the now classical phenomenon of 
microphase separation in block copolymers50–52 may also be exploited to realize self-
structuring.53,54 The chemical connectivity between the blocks forces the self-structuring to 
be on the same scale as the radius of gyration of the macromolecules, i.e., on a scale of 10–
50 nm. For the simplest case, that of fully flexible (coil–coil), non-crystallizing diblock 
copolymers, phase separation sets in when χN exceeds a critical value; χ represents the 
interaction enthalpy and N the degree of polymerization (entropy factor). A set of semi-
continuous and co-continuous two-phase morphologies has been identified. The stability 
limits of these morphologies depend primarily on the block length ratio. Actual structures 
obtained may not represent thermodynamic equilibrium and will depend on the phase 
separation mechanism and on kinetic factors of mass transport. The phase diagram is 
different for rod–coil block copolymers,55–57 or when (liquid-) crystalline domains are 
involved.58,59 It is generally accepted that the χ parameters in liquid-crystalline block 
copolymer systems are much larger than for conventional coil–coil block copolymers due 
to mesophase formation.60 Only limited information has been gathered about these more 
complicated systems, so far. Similarly, the more involved and diverse morphologies found 
for triblock copolymers remain largely unexplored (see, e.g., Reference 61). 
 Examples of multi-component materials that could benefit from morphological 
structuring are the active layer of a photovoltaic cell or a polymer light-emitting diode. In 
the photovoltaic devices, the active thin film is a composite of electron-donor molecules 
and electron-acceptor molecules, between dissimilar electrodes (for instance, Aluminum 
(Al) and indium–tin oxide (ITO)).62,63 The performance of this type of device is very 
sensitive to the morphology of the active layer. Obviously, both the donor and the acceptor 
phases should form a continuous path to their electrode to allow bipolar charge transport. 
Ideally, to ensure efficient exciton dissociation, an acceptor species should be within the 
exciton diffusion range from any donor species, and vice versa. Since the exciton diffusion 
range is typically several nm, and therefore shorter than the light absorption depth (~100 
nm), the convoluted donor–acceptor interface of an interpenetrating morphology63–65 should 
be more efficient in terms of exciton dissociation than a planar double-layer structure. In 
the optimized morphology, the characteristic size of the channels of the phases is matched to 
the exciton diffusion range. In principle, structuring on this scale may be achieved through 
phase separation in diblock copolymer films. 
 Besides this particular case of a photovoltaic material that requires the availability of a 
copolymer of suitable donor and acceptor blocks, also polymeric material for light-emitting 
diodes can greatly benefit from control over the morphology through microphase separation. 
In PLEDs, charges have to be injected into the active polymer material (Section 1.4) and 
transported through the polymer in order to recombine. Recombination of charges should take 
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place in materials with high electroluminescence efficiency such as PPVs. Unfortunately 
PPVs do not conduct electrons very well, but can be utilized as the hole transporting material. 
Consequently, the function of PPV is two-fold, namely to operate as hole transporting layer 
and as electroluminescent material. To ensure effective recombination of the both charges 
(balanced charge transport), the active material should have the capability of transporting 
electrons as well as holes. Organic materials with electron deficient groups such as 
oxadiazoles are known to have relative good electron mobilities and can, therefore, be used as 
the electron-transporting phase in PLEDs. Although the use of blends of PPV with electron-
transporting materials has been applied,24 mixing of both components will most probably 
lead to macrophase separation and result in a small interfacial area between the electron- and 
hole-transporting phases, which is, in turn, detrimental to the recombination efficiency of the 
positive and negative charges. Therefore, microphase separation of bifunctional block 
copolymers consisting of an electron-transporting and a hole-transporting/light-emitter block 
can be very advantageous for controlling the structural ordering in PLEDs. 
 
1.3 Controlled radical polymerization technique 
 
 According to the principles laid out above, self-structuring in photovoltaic devices 
and in light-emitting diodes may be achieved through a diblock copolymer consisting of a 
PPV block and a block densely functionalized with C60 or oxadiazoles, respectively. For the 
formation of block copolymers, a large array of synthetic strategies is available to the 
chemist. The most prominent of these is living anionic polymerization.66 This method 
yields products with very low polydispersities, but it has its drawbacks. One is the necessity 
to work under very strict conditions to avoid impurities such as water and oxygen. 
Moreover, the highly reactive carbanion prohibits the use of various functional groups.67 
Recently, this has been overcome to some extent by the development of the 
controlled/“living” radical polymerization techniques.68 Four “living” free radical 
polymerization methods are often employed, namely, one based on stable nitroxide counter 
radicals69,70 (nitroxide-mediated “living” radical polymerization, NMRP), atom transfer 
radical polymerization (ATRP),71 reversible addition-fragmentation chain transfer 
(RAFT)72–74 and initiator–chain transfer–termination (iniferter).75 The first two techniques 
employ the principle of an equilibrium between a low concentration of active radicals and a 
rather large number of dormant species. This suppresses bimolecular side reactions such as 
recombination or disproportionation to such a degree that the overall polymerization 
process shows “living” characteristics. The last two techniques (RAFT and iniferter) are 
based on the formation of a reactive radical and a relatively stable counter radical, where 
the latter does not participate in the initiation, but merely acts as a transfer agent and 
terminating species (iniferter). In the case of RAFT, additional conventional initiators 
(AIBN, BPO) are used to start the polymerization, in which a dithio-compound is utilized 
as a very efficient reversible chain-transfer agent. The chain-transfer agent is constantly 
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transferred from one active radical to another, leading to a low concentration of active 
radicals, which suppresses the bimolecular side reactions.  Although the iniferter technique 
is not as efficient in producing polymers with very low polydispersities as the other three 
techniques, it has the advantage of performing “living” free radical polymerizations upon 
initiation by UV-light (photopolymerization at 365 nm).75–77  
 The advantages of “living” free radical polymerizations are (a) linear increase of 
molecular weight with time, (b) possibility of the formation of block copolymers by 
reinitiating the polymerization in a different monomer solution, and (c) compatibility with a 
wide variety of monomers, e.g., acrylates, styrenes, acrylonitrile, and derivatives. 
Furthermore, in the particular case of surface-initiated “living” free radical polymerizations, 
the preparation and handling of the samples are easier,78 which allows one to characterize 
the surface between two subsequent polymerizations (Chapter 7). 
 
1.4 Interfaces and interface/surface modifications 
 
 The investigation of the interfacial electronic structure forms one important aspect 
for understanding and improving the performance of devices like PLEDs and PVDs. In 
particular, the organic/metal and organic/organic interfaces have attracted much interest in 
relation to performance. The properties of the interfacial electronic structure have been very 
well studied by surface-sensitive techniques like ultraviolet photoelectron spectroscopy 
(UPS), X-ray photoelectron spectroscopy (XPS), photoemission yield spectroscopy 
(PEYS), etc. For this purpose, very thin films, often monolayers, of low molecular weight 
model compounds are vapor-deposited on metals under ultra-high vacuum (UHV). 
Spectroscopic investigations under UHV demonstrated the occurrence of band bending at 
the organic/metal interface and alignment of the energy levels at the interfaces. Caution 
should be exercised in using the results obtained in ultra-clean environments to explain 
phenomena observed in polymer-based device configurations. The electronic properties of 
polymer-based devices are significantly affected by the atmosphere, in which the devices 
are prepared or used. Generally, polymer-based devices are prepared by casting techniques 
with the use of organic solvent. Hence, the polymer/metal interface is not as well-defined as 
the organic/metal interface obtained under UHV. 
 For collection (injection) of holes in PVDs (PLEDs), indium–tin oxide (ITO) is most 
commonly used as the anode, which exhibits a high work function (4.5–5.3 eV)79 close to the 
HOMO-level of the conjugated polymers. Furthermore, ITO is transparent for the visible 
spectrum, allowing the transmission of generated (incoming) light out of (into) the 
sandwiched device. For collection (injection) of electrons, a low work function metal such as 
Al (4.3 eV) is used as a cathode. Electron collection (injection) can be improved to some 
extent by using cathodes with a lower work function (Mg, 3.7 eV; Ca, 2.9 eV), but these 
cathodes have the disadvantage of being more susceptible to oxidation. 
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 Early work on PLEDs was based on sandwiching a PPV-type polymer (single layer) 
between dissimilar electrodes, but it became evident that electron injection was very 
inefficient due to the energy barrier between the work function of the metal and the lowest 
unoccupied molecular orbital (LUMO) of PPV. Furthermore, as a result of the high 
injection barrier, recombination of charges occurred close to the metal-on-organic interface, 
and, consequently, the metal could acts as a quencher of the electroluminescence. 
Therefore, researchers switched to a double layer device consisting of PPV with a high-
electron affinity or another electron transporting polymer e.g. based on oxadiazoles cast on 
top of a more commonly used PPV.80 The introduction of an appropriate electron-
transporting layer not only lowers the charge injection barrier, but it can create an energy 
offset for holes at the emissive layer/transport layer interface. This energy offset effectively 
blocks the hole current at the interface and results in a positive space-charge interfacial zone 
in the emissive layer. The space-charge zone will increase the field over the electron-
transporting layer resulting in enhanced electron-injection from the cathode. 
  Figure 1.1A shows the schematic energy diagram of an organic single-layer LED in 
which the holes (h+) and electrons (e–) are injected in the highest occupied molecular orbital 
(HOMO) and in the (LUMO), respectively. Figure 1.1B depicts a double-layer 
electroluminescent (EL) device in which electrons and holes are injected from the 
electrodes into the electron transport layer (ETL) and hole transport layer (HTL), 
respectively. These carriers recombine to form an exciton that will radiatively decay (emit 
light). In this geometry, the interfaces consist of metal/ETL, ETL/HTL and HTL/ITO. 
 In PVDs, single-layer devices (Figure 1.1C) were not very efficient and in order to 
separate the charges efficiently, the concept of donor and acceptor was introduced5,6 and 
double-layer devices, similar to double-layer LEDs, with electronegative polymers 
(electron acceptors) were investigated (Figure 1.1D).81 Because the exciton dissociates only 
in the vicinity of the donor–acceptor interface, double layer PVDs still exhibit low quantum 
conversions (conversion of incoming photons to collected charges).  Higher efficiencies 
were obtained by mixing the donor and acceptor moieties in a mixed-layer device. This led 
to the complication that the interfaces did not only consist of ITO/donor, donor/acceptor 
and acceptor/metal, but also of ITO/acceptor and donor/metal interfaces. Thus, Figure 1.1D 
does not describe the energy diagram for a mixed-layer device. 
 Furthermore, the oversimplified diagrams of Figure 1.1 do not take into account the 
molecular events82 that might occur at the interfaces such as chemical reaction between the 
metal and the polymer, band bending82,83 and energy level alignment.84 The first event 
(chemistry) is often neglected, even though there is a body of evidence supporting the 
chemistry at the polymer-on-ITO interface85 and metal-on-polymer interface.86,87 The 
chemistry that occurs at the metal-on-polymer interface depends not only on the nature of the 
metal involved, but also on the cleanliness of both materials and the vacuum system used for 
the vapor deposition of the metal cathode. The deposition of aluminum atoms on polymer 
surfaces leads to cluster formation,88 and to the formation of covalent bonds between Al and 
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the vinylene-carbon atoms of PPV.89 Diffusion of the aluminum atoms is limited to the near-
surface region and is localized in the first 20–30 Å. For calcium, it was observed clearly that 
the calcium atoms donate electrons to the first 20–30 Å of the PPV-layer, and form Ca2+ 
ions.90 At the polymer-on-ITO interface, similar chemical reactions (oxidation of the PPV, 
diffusion of indium,91 etc.) have been found to occur. Hence, chemically p-doped conjugated 
polymers are frequently used as hole injection electrodes, e.g. poly(dioxyethylene thienylene) 
(PEDOT) doped with poly(styrenesulphonic acid) (PSS), to provide a blocking layer for the 
chemical reaction of ITO with PPV.26 
 
 
Figure 1.1 Schematic energy diagrams of a single-layer organic LED (A), a double-
layer LED where the dotted line indicates a recombination zone close to 
the interface (B), an organic single-layer PVD (C) and an organic 




















































 Controlled chemical modifications of the inorganic surfaces can improve the device 
performance tremendously as demonstrated by the vapor deposition of a very thin layer (< 1 
nm) of LiF before vapor-depositing the metal cathode.20,92 As described above, the anode 
(ITO)/polymer interface can be easily modified by spin-coating a layer of p-doped conjugated 
polymer (PEDOT/PSS).26,79 This high work function (~5.2 eV)93 polymer electrode enhances 
the device uniformity and longevity due to its environmental stability. 
 A more sophisticated and elegant approach to chemically modifying surfaces and 
interfaces is demonstrated in Chapter 7, in which the formation of a chemically grafted 
monolayer that is capable of a “living” free radical polymerization, is described.77 In this 
method, one covalently modifies the metal/polymer interface, and retains control of the layer 
thickness arising from that monolayer. This approach, when applied to monomers consisting 
of conjugated side-chains connected to a polymerizable end-group, might indeed result in 
control of the interfaces between the growing polymer film and the electrode. 
 
1.5 Aim and outline of this thesis 
 
 Our goal is to develop novel, conjugated polymers, which are applicable in thin-film 
opto-electronic devices such as LEDs and PVDs. Our approach consists of implementing 
the functionalities, required for efficient performance, into one macromolecule that is 
constructed of two blocks. The electronic functions could be either in the main chain of the 
blocks or in substituents. Due to the chemical connectivity of the two blocks, they are 
forced to microphase separate on a nanometer scale. Microphase separation would produce 
a suitable geometry at the proper scale that could be fine-tuned via the lengths of the 
blocks. In this context, cylindrical and bicontinuous interpenetrating morphologies are the 
most appropriate ones. By utilizing “living” free radical polymerization techniques, the 
molecular weight and, therefore, the morphology, is controlled. 
 Each block exhibits specific functionalities that are designed for their specific device 
application. For LEDs, we designed and synthesized block copolymers consisting of a hole-
transporting and highly fluorescent PPV moiety, and an electron-transporting block 
(oxadiazole-based). The design is such that the bipolar charge transport from the electrodes 
to the recombination zone is improved, resulting in balanced charge transport for EL. For 
the second application, that of PVDs, we designed and synthesized block copolymers in 
which one block exhibits the functionalities of light-absorber/exciton generator/hole 
conducter (PPV), and the other block acts as an electron acceptor/electron conductor (e.g. 
C60-derivative). 
 A further aim is to study the influence of the structural conformation of the block 
copolymers in solution and the microphase separation/morphology in the solid-state on the 
final device performance. By simulating the casting conditions of the polymer in solution, 
and by investigating the local ordering in solution, a better understanding of the influence 
of the casting conditions on the final morphology can be obtained. Morphological 
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observations of the solid films can provide information on the local order of polymers and 
the influence of order on the device performance. Ultimately, this should lead to the 
establishment of relationships between thin-film structure/ordering and opto-electronic 
properties. 
 Chapter 2 describes the design and synthesis of a series of novel diblock 
copolymers, in which one block is PPV and the other is a C60-functionalized 
polystyrene.94,95 These semiconducting diblock copolymers are designed to be efficient 
photovoltaic materials with continuous and nanometer-scale interpenetrating phases of 
electron donor and acceptor components. The PPV block (rod) acts as the light-absorber 
and hole-conductor and the C60-functionalized styrene block as an electron acceptor and 
electron conductor. 
 For the application in light-emitting diodes (LEDs), block copolymers were 
designed and synthesized consisting of a block based on PPV and a block based on 
oxadiazole side-chains. Besides block copolymers having PPV as the backbone, 
copolymers consisting of a block with oligo(p-phenylene vinylene) side-chains and a block 
with pendant oxadiazole units were synthesized. 
 During casting of soluble, semiconducting polymers, both the temperature and the 
quality of the solvent are strongly affected due to rapid evaporation of the solvent and the 
increasing concentration of the semiconducting polymer. The influence of the solvent 
temperature and the solvent quality on the chain conformation and the aggregation of 
semiconducting block copolymers96 is described in Chapter 3. 
 In Chapter 4 the thermotropic properties and the solid-state morphology of PPV-
based block copolymers are studied. The corresponding homopolymer, poly(1,4-(2,5-
dioctyloxy)phenylene vinylene), is liquid-crystalline and, consequently, the PPV-based 
block copolymers possess complex and rich phase behavior due to the combination of a 
mesogenic rod-like block and a flexible coil-like block. Elongated, lamellar-like 
microphases were observed for the semiconducting block copolymers.96  
 As demonstrated in Chapter 5, the covalent incorporation of C60 in the PPV-based 
block copolymer results in a strong quenching of the photoluminescence from the PPV 
block, which is indicative of an efficient electron transfer at the donor–acceptor 
interface.94,96 
 Furthermore, photovoltaic devices based on thin films of donor and acceptor 
moieties, either a blend of donor and acceptor homopolymers or a donor–acceptor block 
copolymer, were prepared. The donor–acceptor block copolymer demonstrated a superior 
photovoltaic response over the blend of the two constituent homopolymers, which is 
attributed to the smaller length scale of the phase separation in the block copolymer film.96 
This increases the donor–acceptor interface area relative to that of the blend and promotes 
the formation of continuous pathways for both holes and electrons. 
 In Chapter 6, the formation of highly ordered honeycomb structures upon drop-
casting a solution of PPV-b-PS in CS2 is described. The morphology of the honeycomb 
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structure consists of a two-dimensional array of spherical cavities with a diameter of 3–5 
µm in a polymer film. This polymer film has an open structure showing holes with a 
diameter of 2–3 µm at the surface. This open structure was subsequently used as a template 
for the formation of a two-dimensional hexagonal array of functional dots, namely, 
aluminum cups.97,98 
 Chapter 7 describes a novel method to modify the surface properties of inorganic 
substrates by chemically grafting an initiator for “living” free radical photopolymerizations. 
The surface-grafted initiators were utilized for the controlled growth of homopolymers and 
block copolymer from the surface of the substrates and demonstrate an increase of the 
polymer layer thickness with time up to ~100 nm.77 This method provides a novel approach 
to chemically modifying the surface between the active polymer and the electrodes in opto-
electronic devices. 
 The design, synthesis, characterization and properties of regioregular, amphiphilic 
polythiophenes is described in Chapter 8. These polythiophenes form stable monolayers 
on the water subphase of a Langmuir trough and are transferable (Langmuir–Blodgett 
deposition) to solid substrates to give highly ordered thin films. Mixing of the amphiphilic, 
regioregular polythiophenes with a non-conducting poly(ethyleneglycol), in a 50/50 
weight-% ratio, results in the formation of a semiconducting network of polythiophene in 
the Langmuir–Blodgett film. 
 The solution-cast films of the amphiphilic, regioregular polythiophenes exhibit 
liquid crystalline lamellar mesophases with thermotropic transitions at 0 °C, 60 °C and 120 
°C. These transitions are attributed to the melting of the tetraethyleneglycol monomethyl 
ether side-chains, the dodecyl side-chains and the polythiophene backbones, respectively. 
DSC, X-ray diffraction and optical microscopy were used to identify the thermotropic 
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 Novel diblock copolymers, in which one block is poly(p-phenylene vinylene) (PPV) 
and the other is a C60-functionalized polystyrene, are designed to be efficient photovoltaic 
materials with continuous and nanometer-scale interpenetrating phases of electron donor 
and acceptor components. The design involves the synthesis of a macroinitiator based on 
poly(2,5-dioctyloxy-p-phenylene vinylene), the polymerization of a styrene derivative from 
the PPV-based macroinitiator (PPV-TEMPO) via “living” free radical polymerization, and 
its subsequent functionalization with C60 via atom transfer radical addition. These 
semiconducting block copolymers consist of a light-absorbing and hole-conducting PPV-
block (rod) and an electron accepting and electron conducting C60-functionalized styrene 
block. 
 For the application in light-emitting diodes (LEDs), the synthesis involves the 
polymerization of an acrylate derivative of oxadiazole from a macroinitiator (PPV-TIPNO), 
based on poly(2,5-dioctyloxy-p-phenylene vinylene), via “living” free radical 
polymerization. Besides the design and synthesis of active material for LEDs based on 
block copolymers having PPV as the backbone, copolymers consisting of a block with 




The work presented in this Chapter is partially covered by the following papers: 
‘Semiconducting Diblock Copolymers Synthesized by Means of Controlled Radical 
Polymerization Techniques’, Stalmach, U.; de Boer, B.; Videlot, C.; van Hutten, P. F.; 
Hadziioannou, G., J. Am. Chem. Soc., 122, 5464–5472 (2000). 
‘Synthesis of a Conjugated Macromolecular Initiator for Nitroxide-Mediated Free Radical 
Polymerization’, Stalmach, U.; de Boer, B.; Post, A. D.; van Hutten, P. F.; Hadziioannou, 
G., Angew. Chem. Int. Ed., 40, 428–430 (2001). 
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2.1 Design and synthesis of monomers, macroinitiators and 
main-chain PPV-based block copolymers 
 
 In the majority of publications on conjugated polymers and their applications, 
researchers use polymers based on poly(1,4-phenylene vinylene) (PPV) that were 
synthesized by a precursor route (Gilch,1 Wessling and Zimmerman2,3 etc.), Heck 
coupling4–6 , Wittig7 (-Horner)8 condensation, McMurray coupling,9 etc.10 Those methods 
provide high molecular weight polymers with a high content of trans double bonds. 
Therefore, these techniques are very suitable for the synthesis of homopolymers such as 
poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV), poly[2-(3,7-
dimethyloctyloxy)-5-methoxy-1,4-phenylene vinylene] (DMOM-PPV, OC1C10-PPV) and 
poly[(2,5-diotcyloxy)-1,4-phenylene vinylene] (DOO-PPV). Unfortunately, these polymers 
exhibit a high polydispersity (Mw/Mn), which makes them less applicable for controlling the 
morphology of the solid-state films. Furthermore, the end group functionality cannot be 
controlled exactly by these methods and due to their high molecular weights, the 
functionalization of the end groups cannot be verified. In our approach, we have to modify 
and exactly characterize the end groups in order to obtain block copolymers with well-
defined structures. This can be accomplished in two different ways. The first option is the 
synthesis of well-defined conjugated oligomers,11–16 in which one has the advantage of 
controlling the end groups and the molecular weight exactly. This route is extremely time-
consuming before higher molecular weight polymers are obtained. Therefore, we chose the 
second alternative, the one-step synthesis of conjugated polymers with relatively high, 
controllable molecular weight (around or above the effective conjugation length) and with 
relatively low polydispersity.17–29 The PPV-based polymers described in Section 2.1.2 
exhibit exactly one functional group per chain, which can be utilized for subsequent 
functionalization, resulting in a macroinitiator that is capable of performing nitroxide-
mediated radical polymerization. 
 Conjugated polymers can be regarded as (rigid) rod-like polymers with respect to their 
restricted flexibility compared to conventional polymers like polystyrene (coil). They 
exhibit different properties with respect to solubility, conformation, phase separation, etc. 
Complex behavior may be expected for a diblock copolymer containing one conjugated 
block. The presence of one relatively stiff block puts these polymers in the class of rod–coil 
copolymers. Although the conjugated polymers described in the first part of this Chapter 
were functionalized with octyloxy side-chains to improve their solubility, the higher 
molecular weight PPV is only soluble up to ~1 weight-% in common solvents. The second 
part describes the synthesis of block copolymers based on pendant oligo(p-phenylene 
vinylene)s that are more soluble. 
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2.1.1 Design and synthesis of main-chain PPV macroinitiator 
 
 Most of the rod–coil block copolymers with conjugated polymers or oligomers as the 
rigid rod synthesized so far11,13,15,22,24,30–32 were obtained by anionic polymerization of the 
coil polymer, followed by quenching, either with a reactive end group on the rigid 
conjugated block or with a functional molecule to obtain an end-functionalized coil 
polymer that is subsequently coupled to the conjugated block. Jenekhe et al.22 synthesized 
block copolymers in which the conjugated block was made through a polycondensation 
from a functionalized polystyrene block. These strategies have some drawbacks, however. 
When a coupling reaction is performed between two polymer blocks, one block is usually 
present in large excess to drive the reaction to completion. This necessitates tedious work-
up procedures to ensure removal of the unreacted homopolymer. Secondly, the quenching 
of an anionic polymerization with a functional conjugated block can yield dead 
homopolymer if contaminants that act as a quencher, such as water or solvent, are 
introduced with the addition of the rigid rod part. Hence, tedious work-up procedures can 
only be avoided at the cost of an elaborate preparation of the starting materials. 
Furthermore, as anionic polymerizations have to be carried out in closed systems, the 
synthesis of a series of block copolymers with varying block lengths is a very laborious 
task. Conjugated polymers, on the other hand, are mostly synthesized by polycondensation 
reactions. Since polycondensations do not require initiation, growth from a specific site is 
highly unlikely, if not impossible. Furthermore, the use of an end-capping reagent, as 
demonstrated by Jenekhe et al.,22 would require 100% conversion of the polycondensation 
to circumvent the presence of homopolymer, unless the end-cap is much more reactive than 
the other reactive groups. Otherwise, large amounts of homopolymer have to be removed 
during work-up. Overall, this is not a very convenient method for the synthesis of block 
copolymers with a conjugated rod block. 
 The use of anionic polymerization techniques to obtain rod–coil block copolymers was 
demonstrated by François and co-workers.17,18,31 It employs an anionically polymerized 
precursor of the conjugated block that is subsequently converted into its conjugated form in 
a polymer-analogous reaction after the incorporation of the second (coil) block. While this 
method truly employs living polymerization techniques, it suffers from the necessity of a 
second, polymer-analogous reaction step, where failure to achieve full conversion leads to 
permanent defects in the conjugated block. These defects might be detrimental in photonic 
applications of the polymer. 
 A completely different and more versatile approach to the synthesis of (conjugated) 
rod–coil block copolymers is the use of an initiator for living polymerization that is 
attached to the rigid block. The living nature of the polymerization brings clear advantages. 
It enables one to synthesize a series of polymers with varying block length ratios from one 
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batch. Each polymerization would start from the same conjugated block, which makes the 
comparison of different samples more straightforward. Moreover, this method allows the 
full characterization and purification of the conjugated block before its functionalization. 
For the attachment of the initiator onto the conjugated block, a huge excess of initiator can 
be used to ensure full conversion. The unreacted molecules can be simply removed by 
precipitation of the polymer, once more yielding a well-defined starting system. Marsitzky 
et al.32 demonstrated this approach recently, anionically grafting ethylene oxide from a 
polyfluorene block. 
 We chose nitroxide-mediated radical polymerization (NMRP) as the 
controlled/“living” polymerization method, for several reasons. Radical polymerization 
itself tolerates a number of functional groups33 and does not require stringent starting 
material purification. It does not interfere with either the olefinic double bonds of the PPV 
part, or the substituents on the rings. A similar methodology, yielding ABA block 
copolymers in a one-pot synthesis, was recently introduced by Klaerner et al.27 for the 
synthesis of polyfluorene-based block copolymers. 
 
2.1.2 Synthesis of end-functionalized conjugated polymer 
 
 Although a wide variety of conjugated polymers are available to the chemist, we 
focused on the synthesis of well-defined derivatives of PPV that are suitable for the use in 
LEDs and photovoltaic cells, due to their high fluorescence quantum yield and high 
absorption coefficient, respectively. Furthermore, PPVs can be readily fine-tuned over a 
wide range by the inclusion of functional side-chains.10,34 To obtain PPVs with a reasonable 
and controllable molecular weight and low polydispersity, we use the Siegrist35,36 
polycondensation technique, originally described by Kretzschmann and Meier.37,38 
 By this method, which uses the condensation of para-substituted methylbenzaldimines 
under strong basic conditions as depicted in Scheme 2.1, oligo(p-phenylene vinylene)s of 
narrow chain length distribution that carry exactly one terminal aldehyde group per 
molecule are obtained. This is essential for the subsequent functionalization. Control of 
chain length can be exercised by varying the reaction temperature and concentration. At 
room temperature, the dialkyloxy oligomers precipitate already after an average of four 
addition steps, and at 60 °C an average of seven repeat units is obtained. Temperatures 
around 80 °C, on the other hand, may result in oligomer mixtures that reach or exceed the 
effective conjugation length of 12 repeat units.39 A further advantage is the fact that this 
method yields only oligomers with trans-configured vinylic double bonds,40,41 rendering the 
conjugated block virtually defect-free. 
 The average degree of polymerization of the PPV block can be determined either by 
end-group analysis with 1H-NMR or by UV–vis spectroscopy. As 1H-NMR relies on the 
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comparison of huge and small signals, it loses its accuracy with increasing molecular 
weight or when signals overlap. Therefore, we used the combination of both methods. For 
the end-group analysis, the peaks of the methyl end-group at 2.2 ppm and the signals for the 
OCH2 groups at 4.0 ppm were used. An average degree of polymerization of ten repeat 
units was calculated by this method. The UV–vis spectrum, on the other hand, shows a 
maximum absorption at 467 nm, which corresponds to seven phenylene–vinylene repeat 
units.39 The comparison with the absorption spectrum of the seven-ring oligomer of 
Reference 39 indicates the presence of higher oligomers in our PPV material. This is also 
corroborated by GPC using UV–vis detection. The too high value obtained from 1H-NMR 
is attributed to the inaccuracy of the method. The calculations of molecular weights 
presented later in the chapter are based on a value of seven repeat units (Mn = 2.5 × 103 
g/mol) for the PPV part coupled to TEMPO. Similarly, nine repeat units were calculated for 
the PPV part coupled to TIPNO (Section 2.1.4), resulting in a molecular weight of the 
macroinitiator of Mn = 3.6 × 103 g/mol. 
 
Scheme 2.1 Synthesis of poly(1,4-(2,5-dioctyloxy)phenylene vinylene) (DOO-PPV) 
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2.1.3 Synthesis of PPV-TEMPO macroinitiator for styrene 
polymerization 
 
 The attachment of the initiator for the nitroxide-mediated radical polymerization to the 
rigid PPV block occurs via the nucleophilic attack of a Grignard reagent to the aldehyde 
group. An excess of the Grignard reagent guarantees complete functionalization, as shown 
by the disappearance of the aldehyde signal in 1H-NMR, while the solubility of the initiator 
facilitates subsequent purification of the resulting PPV macroinitiator compound. The 
alkoxyamine initiator containing a bromide group for the formation of the Grignard reagent 
can be easily obtained by the reaction of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 
with Br2, followed by the addition of styrene, as described by Kobatake et al.42 and shown 
in Scheme 2.2. The lower part of this scheme depicts the synthesis of the TEMPO-
functionalized PPV-block via Grignard addition. This addition did not interfere with either 




Scheme 2.2  Synthesis of alkoxyamine initiator based on TEMPO and semiconducting 
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2.1.4 Synthesis of PPV-TIPNO macroinitiator for acrylate 
polymerization 
 
 A drawback of the use of TEMPO in the previously described macroinitiator for 
controlled radical polymerization is that control can only be established for styrene and 
some of its derivatives. To achieve microphase separated systems, it might be desirable to 
use chemically different monomers for the coil block, such as (meth)acrylates. These would 
have the additional advantage of being easily derivatized through esterification. 
 Benoit et al.43 synthesized a whole library of alkoxyamines and investigated their 
usefulness in the NMRP of styrene as well as other monomers, such as acrylates and 
acrylonitrile43 or 1,3-dienes.44 They found that acyclic nitroxides such as 9 (Scheme 2.3) 
yield polymers with very low polydispersities for a wide variety of monomers. Hence, this 
method was picked up for the synthesis of rod–coil block copolymers containing a rod-like 
PPV block and a (functional) poly(acrylate) coil block. 
 After synthesizing 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (9, TIPNO) 
according to Reference 43, we first tried to utilize the reaction sequence that we had used 
successfully for the TEMPO-containing macroinitiator 6. However, it turned out that the 
method of Kobatake et al.42 could not be employed for the synthesis of the brominated 
alkoxyamine by a route analogous to that used for TEMPO. Most probably, the 
intermediate salt of bromine and the nitroxide is formed readily (the reaction mixture 
became cloudy), but does not add styrene in the following step. Consequently, a different 
strategy had to be devised for the synthesis of an alkoxyamine from 9 (TIPNO) that is 
substituted with a halogen atom for the subsequent coupling of the initiator to the 
conjugated polymer. The synthesis of the alkoxyamine with linker-group used to obtain the 
macroinitiator (PPV-TIPNO) is illustrated in Scheme 2.3. 
 The first step is the reduction of 4-bromoacetophenone with LiAlH4 and its subsequent 
conversion to the bromide by treatment with PBr3. The alkoxyamine 10 was synthesized by 
the procedure of Matyjaszewski et al.45 from 1-(4-bromophenyl)ethylbromide and nitroxide 
9. The coupling to the PPV-aldehyde 4, obtained via Siegrist polycondensation, is 
accomplished by first lithiating the alkoxyamine with equimolar amounts of n-butyllithium, 
followed by addition to a solution of 4 in THF. 
 In Section 2.3.3 and 2.3.4 the nitroxide-mediated radical polymerizations of styrene 
(S), 4-vinylpyridine (4VP), n-butylacrylate (BA) and acrylates with a electron transporting 
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Scheme 2.3 Synthesis of alkoxyamine (TIPNO) with linker-group and coupling to 
PPV, resulting in macroinitiator PPV-TIPNO. 
 
 
2.2 Functionalization of statistical copolymers with C60 
 
 For the application in photovoltaic cells, the combination of a poly(p-phenylene 
vinylene)-type polymer or oligomer as the donor material with C60 as the acceptor has proven 
promising.46,47 While PPVs are fairly good hole conductors, electron transport is poorer, 
which limits the performance in applications in which PPV is the sole active component. In 
the two-phase D–A concept for the active layer, as outlined in Chapter 1, this problem is 
alleviated, since the acceptor transports the electrons. By covalently incorporating C60 into 
a polymer, materials that combine the physical properties of fullerene with the 
processability of polymers are obtained48,49 and higher quantities of the acceptor can be 
accommodated in a finely dispersed form than would be possible for pure C60. The 
attachment of styrene to C60 by means of radical addition has already been demonstrated by 
Okamura et al.,50 using thermally created radicals from alkoxyamine-terminated polymer 
chains as the radical source. In this method, each C60 molecule ends up carrying two 
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is fixed at 2:1, the molecular weights of the polystyrene chains must be below 2000 for the 
theoretical percolation limit of ~16 weight-% (for spherical molecules) to be attainable, 
which is required for a continuous conductive path through C60. This is one serious 
drawback of this approach. Furthermore, non-functionalized homopolymer may be formed 
by the recombination of two polystyrene chains during the functionalization step, which 
complicates work-up procedures. 
 To incorporate more C60, multifunctional chains would be advantageous. Instead of the 
“head-on” attachment used by Okamura et al.,50 we have aimed at attaching C60 as side 
groups, creating a “charm-bracelet”-type of polymer.51 We have chosen to employ atom 
transfer radical addition (ATRA) of C60 to poly(4-chloromethylstyrene) (PCMS), since this 
polymer has already been used successfully as an initiator for ATRP.52 However, the 
presence of two multifunctional components (PCMS and C60) makes the occurrence of 
crosslinking very likely. This was confirmed by experiments using PCMS and different 
amounts of C60; only insoluble products were obtained. We therefore synthesized a series of 
statistical copolymers of styrene and 4-chloromethylstyrene (CMS), thus diluting the 
reactive groups with unreactive styrene moieties that act as spacers. The goal of these 
experiments is to determine the maximum amount of chloromethyl groups in statistical 
copolymers, which still yields soluble functionalized materials. The results reported in this 
Section are applied in Section 2.3.2 where the synthesis of soluble donor–acceptor block 
copolymers is described. 
 Statistical copolymers with different ratios of styrene to CMS (n = 1, 3, 5, with m = 1, p 
being in the range 10–20) were synthesized using NMRP with the unimolecular initiator 
(11) based on 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) according to Scheme 2.4. 
Molecular weights amounted to between 7 and 11 × 103 g/mol with polydispersities ranging 
from 1.12 to 1.22. These polymers were subsequently functionalized with C60. (The 
nomenclature used throughout uses “CMS” for the chloromethylstyrene-containing 
polymers and “C60MS” for the ones carrying C60, followed by the feed ratio of styrene to 
chloromethylstyrene used in the polymerization.) The composition of the statistical 
copolymers as indicated by 1H-NMR corresponded quite well to the feed ratio. However, 
no significant difference in chemical shift is observed when converting -CH2-Cl to 
-CH2-C60, ruling out the determination of the degree of functionalization through 
integration of the corresponding signals. 
 With increasing amounts of chloromethyl groups, the average distance between these 
groups decreases, and hence the possibility of multiple intramolecular additions on C60 will 
rise. An increase of the concentration of reactive sites on the starting polymer, therefore, 
may not increase the amount of C60 in the resulting polymer. Obviously, an optimization of 
all reaction parameters is necessary, but this is rather difficult as the determination of the 
amounts of C60 and the number of intra- and intermolecular crosslinks is not 
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straightforward.53 The radical addition of methylstyrene to C60 results in the formation of a 
free radical on the fullerene, which can be trapped by a halogen (Cl or Br) from the 
Cu/bipy-complex. Besides this ideal mechanism, the fullerene is easily bis-substituted with 
another (intra- or intermolecular) methylstyrene, resulting in a mixture of substituents as 
indicated by the substituent X in Scheme2.4. 
 
 
Scheme 2.4 Synthesis of statistical copolymers of styrene and 4-chloromethylstyrene 
and their subsequent functionalization with C60. 
 
 UV–vis spectrometry can be a convenient method to determine the amount of C60 in a 
copolymer. For this method to be quantitative, values of the molar extinction coefficient are 
required. However, the fine structure of the absorption spectra of well-defined derivatives 
of C60 (and hence their absorption coefficients at a given wavelength) were shown to be 
dependent on the substitution pattern as well as on the number of substituents.54 The 
randomness in our copolymer will therefore render this method somewhat inaccurate. Still, 
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functionalization. Figure 2.1 shows the absorption spectra of several copolymers in CHCl3. 
The top figure depicts the absorption spectra of the solution of an unfunctionalized 
copolymer, of a mixed solution of this copolymer and C60, and of the solution of the 
corresponding functionalized copolymer. While the starting material shows no absorption 
beyond 300 nm, the functionalized copolymer exhibits the band around 330 nm as well as 
the long tailing into the visible part of the spectrum that are characteristic for C60 (both 
features also appear in the spectrum of the mixture). Since we found our functionalized 
copolymer to be soluble in THF while C60 is not,55 absorption in this case cannot be due to 
adsorbed C60, because the functionalized copolymers were dissolved and filtered twice in 
THF, excluding pure C60 in the product. 
 An evaluation, in Figure 2.1 (bottom), of the weight-normalized absorption curves 
shows that the peak around 330 nm grows with increasing amount of chloromethyl groups 
in the starting copolymers. The spectrum of a substituted fullerene derivative of known C60 
content (C122H88O15, [C60] = 40 weight-%),56 to be referred to as C60-model in the 
following, is also shown, allowing an estimation of the C60 contents of the polymers. For 
comparison, an adduct of poly(4-acetoxystyrene) onto C60, (PAcSt)2-C60, was synthesized 
according to the method of Okamura et al.50 The arms of this adduct have a molecular mass 
of around 2300 g/mol. Its absorption spectrum showed similar features as our P(S-stat-
C60MS)-copolymers. 
 If the absorption at 330 nm of C60-model is taken as a reference, P(S-stat-C60MS)-51, 
P(S-stat-C60MS)-31 and P(S-stat-C60MS)-11 would contain 15, 23 and 61 weight-% of C60, 
respectively. A value of 13 weight-% is found for (PAcSt)2-C60, which agrees well with that 
calculated from its composition. The C60-content of this compound is low in spite of the 
low molecular weight of its arms, because it is obtained via addition to the chain end. Our 
approach, using addition to side groups, has obvious advantages in this respect. 
 The different shape of the absorption band of C60-model indicates that the values 
obtained through normalization of the absorption spectra and comparison to this model 
compound can only be a crude estimate. On the other hand, the agreement found for 
(PAcSt)2-C60 indicates that the method may be used with some confidence for the 
determination of the C60-content. 
 Alternatively, the C60-content may be determined by means of thermogravimetric 
analysis (TGA). Figure 2.2 shows the results for one of the starting polymers, for the C60-
functionalized polymers as well as for pure C60. Whereas the latter is stable up to 550 °C, 
the polymers start to decompose at much lower temperatures. Since this decomposition is 
almost complete at 550 °C, it is safe to assume that the residue at this temperature 
corresponds to the C60-content. Clearly then, TGA shows that the amount of C60 increases 
with the fraction of chloromethyl groups in the starting material. 
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Figure 2.1 Absorption spectra of the copolymers in CHCl3. Top: comparison 
between solutions of a starting copolymer (P(S-stat-CMS)-51) and its 
C60-functionalized form (P(S-stat-C60MS)-51), and a mixed solution of the 
starting copolymer and C60. Bottom: spectra of solutions of C60-
functionalized copolymers and of C60-model, normalized per mg 
substance. 
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Figure 2.2 TGA of several copolymers and of C60 under N2. Heating rate: 10 °C/min. 
 
 Table 2.1 summarizes the results from TGA and UV–vis. Although the absolute values 
obtained differ, the overall trend of increasing C60-content with increasing number of 
chloromethyl groups is confirmed. The higher value for (PAcSt)2-C60 obtained from the 
TGA may be related to cross-linking of the poly(4-acetoxystyrene) upon heating, resulting 
in a larger residue at 550 °C. The same seems to be the case for C60-model, again indicating 
that also TGA does not give absolute values. 
 
Table 2.1 Results of TGA and UV–vis spectroscopy for C60-functionalized 




TGA residue at 550 °C 
(weight-%) 
Relative absorbance at 
330 nm a 
P(S-stat-C60MS)-51 14 15 
P(S-stat-C60MS)-31 31 23 
P(S-stat-C60MS)-11 52 61 
(PAcSt)2-C60 21 13 
C60 99 - 
C60-model 49 40 
a Values are normalized with respect to the value of 40 for C60-model, which 
corresponds to its C60-content. 
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 In order to test whether there is unreacted polymer in the functionalized samples, GPC 
elugrams were taken in THF with UV detection. Figure 2.3 shows the comparison between 
P(S-stat-CMS)-51 and P(S-stat-CMS)-31 together with the corresponding C60-
functionalized copolymers. Copolymer P(S-stat-C60MS)-11 was not sufficiently soluble in 
THF to be included in this series of experiments. 
 The insets of Figure 2.3 show the refractive-index GPC-elugrams obtained. For the 
starting materials, they are very narrow, as expected for NMRP. After functionalization, the 
GPC-traces are broader and show additional features. The main graphs show the absorption 
spectra of starting and functionalized material. Note the absence of absorption by the 
starting material P(S-stat-CMS) in this wavelength range. The spectra show, however, that 
for each of the different positions in the elugram of the functionalized material, absorption 
at 330 nm occurs. From this we conclude that the functionalization via ATRA proceeds 
very smoothly and effectively. A sizable absorption is also found for retention times within 
the range covered by the elugram of the unfunctionalized starting material. In the case of 
P(S-stat-C60MS)-51, the maximum of the elugram is not shifted relative to that of the 
starting material. This implies that the hydrodynamic volume of the chains in this fraction 
has not changed significantly upon incorporation of C60, suggesting, rather, that binding a 
C60 molecule somehow results in a contractile effect opposing excluded-volume 
interactions.57 Intramolecular crosslinking may be involved. A similar conclusion holds for 
the more densely substituted copolymer, although the maxima of the elugrams are at 
different positions. There is a shoulder in the elugram of P(S-stat-C60MS)-31 at the position 
of the maximum found for P(S-stat-CMS)-31, and the right-hand edges of the elugrams 
coincide. The additional details visible in the elugrams suggest the presence of larger 
entities comprising a (limited) number of chains. Interchain cross-linking due to the high 
volume density of functional groups is probably involved in the formation of these entities. 
 In conclusion, the controlled incorporation of C60 into copolymers of styrene and 4-
chloromethylstyrene by means of atom transfer radical addition to the fullerene is feasible. 
While the amount of C60 incorporated into the copolymer can be pre-determined to a certain 
extent via the feed ratio of styrene to chloromethylstyrene, the length of the copolymer 
itself is controlled by the use of nitroxide-mediated free radical polymerization. Other 
methods to incorporate fullerenes into copolymers shown so far in the literature (azide, 
cycloaddition, esterification) include multiple synthetic steps to obtain the functional 
monomers/prepolymers, whereas this approach involves only two steps (polymerization 
and ATRA) with commercially available compounds. These features make our approach 
attractive for the synthesis of block copolymers in which one block contains the C60-
functionalization. 
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Figure 2.3 GPC elugrams (insets) and absorption spectra of starting (- - -) and C60- 
functionalized (——) copolymers in THF. Absorption spectra 1–4 of the 
C60-copolymers correspond to different positions in the elugrams as 
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2.3 “Living” free radical polymerization from PPV-based 
macroinitiators 
 
2.3.1 “Living” free radical polymerization of styrene from  
 PPV-TEMPO 
 
 The TEMPO-functionalized PPV block, as described in Section 2.1.3, was 
subsequently used as a macroinitiator in NMRP of styrene, as depicted in Scheme 2.5. To 
investigate the “living” character of the polymerization, samples of the PPV-b-PS system 
were taken after time intervals of 50, 95, and 105 minutes. 1H-NMR was used for molecular 
weight determination of the PS blocks by taking Mn (PPV) = 2.5 kg/mol , resulting in 3.6, 
6.3, and 7.0 kg/mol for the respective PS blocks. The technique is used here only to find the 
weight ratio between the PPV and PS blocks, for which it is an accurate procedure. The 
values indicate that the styrene block grows steadily with reaction time. The trend is 
obvious and shows that controlled polymerization of styrene with the PPV-based 
macroinitiator is feasible. While GPC experiments also indicated an increase in molecular 
weight with conversion, those results cannot be used as absolute values due to the lack of 
appropriate standards for calibration. 
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 The controlled or “living” radical polymerization of styrene by the PPV-based 
macroinitiator is limited by the solubility of the PPV block in the monomer solution. 
Therefore, one is restricted to low conversions of styrene. At higher conversions, the PPV 
block tends to gel during the reaction, resulting in a poor control over the molecular weight 
and the polydispersity of the block copolymers. Nevertheless, increasing molecular weights 
with polymerization time are obtained. Therefore, we can combine the NMRP from PPV-
TEMPO with the ATRA of C60 to statistical copolymers of styrene and 4-
chloromethylstyrene, so as to prepare bifunctional donor–acceptor block copolymers. 
 
2.3.2 “Living” free radical polymerization for donor–acceptor block 
copolymers 
 
 With the objective of bringing PPV and C60 together in one molecule, we combined the 
results of Sections 2.2 and 2.3.1 into the synthesis of a statistical copolymer of styrene (S) 
and 4-chloromethylstyrene (CMS) from our PPV-based macroinitiator (Scheme 2.6). A 
feed ratio of styrene/CMS of 2:1 was chosen to ensure solubility of the C60-containing 
material (Section 2.2). 1H-NMR analysis of the block copolymer indicated that the actual 
ratio of styrene to CMS is 1.5, and that the molecular weight of the styrenic block is 9 × 103 
g/mol. 
 Subsequently, this block copolymer was functionalized with C60. Figure 2.4 shows 
UV–vis spectra and TGA of the starting PPV-b-P(S-stat-CMS) and the C60-containing 
block copolymer. The increase in residue at 550 °C from 14 weight-% to 60 weight-% upon 
functionalization of the rod–coil block copolymer with C60 is very well visible in the TGA 
graph of Figure 2.4 (top). This indicates an average of 15 fullerene molecules per chain, 
and translates into one C60 for every two reactive sites in the starting polymer. This is a 
strong indication for intramolecular bis-addition of two methylstyrene groups to C60, as 
proposed in Section 2.2. In the bottom part of Figure 2.4, weight-normalized absorption 
spectra are shown. The absorption band of the PPV block is centered around 465 nm. A 
comparison of PPV-b-P(S-stat-CMS) with the UV–vis spectrum of the PPV-macroinitiator 
indicates the weight ratio of the P(S-stat-CMS) block to the PPV block to be around three 
(similar to the ratio found by 1H-NMR). The C60-functionalization by means of ATRA little 
affects the absorption band of the PPV block, indicating that the conjugated block remains 
intact. When C60-model is again used as the reference for a spectroscopic determination of 
the C60-content of PPV-b-P(S-stat-C60MS), the weight-normalized value of the absorbance 
at 330 nm agrees excellently with the TGA result (~45 weight-%). 
 The suitability of the types of block copolymers described above for application in 
photovoltaic devices relies, among other things, on the abilities of the respective blocks to 
function as electron donor and acceptor, and as charge transport media. As outlined in 
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Chapter 1, the microstructure is a crucial factor to both these functions. The photophysical 
properties and morphology studies will be the subject of Chapters 4 and 5, respectively. 
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Figure 2.4 Comparison of the starting diblock copolymer PPV-b-P(S-stat-CMS) 
(- - -) and the C60-functionalized diblock copolymer PPV-b-P(S-stat-
C60MS) (——). Top: TGA, heating rate 10 °C/min. Bottom: absorption 
spectra in CHCl3; the spectrum of the PPV-TEMPO macroinitiator is 
shown for comparison (⋅⋅⋅⋅⋅⋅⋅). 
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2.3.3 “Living” free radical polymerization of styrenes from 
PPV-TIPNO 
 
 The TIPNO-functionalized PPV block, as described in Section 2.1.4, was used as a 
macroinitiator in NMRP of styrene (S) and 4-vinylpyridine (4VP). To investigate the 
“living” character of the polymerization, samples were taken after certain time intervals and 
1H-NMR was used for molecular weight determination (Table 2.2). The values indicate that 
both blocks grow steadily with reaction time. The trend is obvious and shows that 
controlled polymerization of styrene and 4-vinylpyridine with PPV-TIPNO is feasible. 
Higher conversions could only be obtained if the polymerization mixture was diluted with 
solvent (anisole), because the PPV block tends to solidify during the reaction, resulting in 
hardly any control over the molecular weight of the block copolymers. The first sample in 
Table 2.2 was obtained without the use of solvent and shows twice the rate of 
polymerization of the third sample. Theory predicts a first order dependence of the 
polymerization rate on the monomer concentration,58 which is confirmed by these 
experiments. Without the use of solvent, the molecular weight distribution becomes 
bimodal and demonstrates the lack of control. Therefore, the polymerizations are performed 
in dilute monomer solution of styrene. 
 The lower rate of polymerization of 4-vinylpyridine is most probably due to the lower 
polymerization temperature, resulting in a shift of the equilibrium between the dormant and 
active species of TIPNO to the dormant state. 
 
 
Table 2.2 Composition (weight ratio) and molecular weight of PPV-b-polystyrene 
and PPV-b-poly(4-vinylpyridine) diblock copolymers as determined via 
1H-NMR on solutions in chloroform (Mn,PPV = 3.6 × 103 g/mol). 
 








PPV-b-PS 0 180 125 0.17 24.8 
PPV-b-PS 50 200 125 1.03 7.1 
PPV-b-PS 50 380 125 0.18 23.6 
PPV-b-PS 50 500 125 0.05 75.6 
PPV-b-P(4VP) 50 240 110 1.02 7.1 
PPV-b-P(4VP) 50 480 110 0.29 16.0 
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2.3.4 “Living” free radical polymerization of acrylates by PPV-
TIPNO 
 
 Untill now, our main focus has been on the synthesis of block copolymers based on 
styrenes, and block copolymers that are suitable for photovoltaic applications. Another very 
prominent use for PPV is the emitting material in light-emitting diodes (LEDs). As PPV is 
known to be a good hole-conducting material, but a poor electron transporter, the use of 
blends of PPV with electron-transporting materials, such as oxadiazoles (e.g. Scheme 2.7, 
PBD, 14), to increase device performance has been reported. Our objective is to synthesize 
diblock copolymers that, in addition to a PPV part, have the electron transport function 
incorporated as side-chains. In this approach, acrylate monomers are especially useful as 
they can be easily functionalized with side-chains bearing functional groups. Since the 
TEMPO-based macroinitiator is only capable of polymerizing styrene-based monomer, the 
TIPNO-based macroinitiator was developed for our purpose (Section 2.1.4). This 
macroinitiator was used for the polymerization of n-butylacrylate (BA) and the 
copolymerization of BA and PBD-functionalized acrylate (Scheme 2.7). 
 First a soluble oxadiazole derivative was synthesized that can be functionalized with a 
polymerizable group. Tokuhisa et al. showed that alkoxy-substitution of the oxadiazole can 
yield liquid-crystalline materials.59 Therefore, alkoxy side-chains not only render the 
molecule soluble, but the possibility of introducing liquid crystallinity at elevated 
temperatures could be even more advantageous, as the increased order in the system could 
facilitate charge transport. After esterification of the hydroxy-terminated oxadiazole with 
acryloylchloride, this macromonomer is polymerized together with n-butylacrylate in the 
presence of PPV-TIPNO to yield a random block copolymer. 
 As a first test of the feasibility of this approach, n-butylacrylate (BA) was polymerized 
from the new macroinitiator to form PPV-b-PBA. Samples were withdrawn after 4 and 7 
hours and precipitated in methanol. As a control experiment, BA was polymerized with 
alkoxyamine 11 under the same conditions as the block copolymers. The resulting polymer 
was still soluble in methanol. Therefore, the presence of n-butylacrylate homopolymer in 
the block copolymer samples can be excluded. 
 Secondly, n-butylacrylate was copolymerized with 15 (OxA) yielding the bifunctional 
block copolymer PPV-b-P(OxA-co-BA). For comparison, samples were taken after 4 and 7 
hours. The molecular weights of the acrylate-based block copolymers are shown in Table 
2.3. The 1H-NMR data were obtained comparing the signals in the aromatic part (PPV) 
with those around 4 ppm (–OCH2 of PPV and BA). 
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Scheme 2.7 Synthesis and polymerization of (functional) acrylates by PPV-TIPNO. 
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 The length of the PPV block was estimated through UV–vis spectroscopy by 
comparing the absorption maximum to those of monodisperse alkoxy-substituted oligo(p-
phenylene vinylene)s.39 The λmax-value of 477 nm obtained for the macroinitiator PPV-
TIPNO would correspond to an oligomer with 9 repeat units. Therefore, the average 
molecular weight of the PPV-based macroinitiator was taken as 3.6 × 103 g/mol for the 
calculations. Based on this number, the PPV weight fractions and the number average total 
molecular weights were calculated from the 1H-NMR data as given in Table 2.3. 
To verify the 1H-NMR values, the absorption spectra of PPV-TIPNO and the block 
copolymers were also measured and the signals were normalized on weight (Figure 2.5). 
Taking PPV-TIPNO as a reference, the absorption of the two PPV-b-PBA block 
copolymers is reduced to 68 % and 48 %, respectively. For the PPV-b-P(OxA-co-BA) 
block copolymers the absorption is reduced to almost 50 %. These values are somewhat 
higher than the values calculated from 1H-NMR, but show the same trend. 
 
Figure 2.5 Weight-calibrated UV–vis spectra of PPV-TIPNO, oxadiazole-acrylate 
monomer and its block copolymers. 
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 Values for the block copolymers obtained from GPC measurements in THF are at least 
one order of magnitude higher than the values from 1H-NMR. The rod-like structure of the 
PPV is held responsible for this, since even the molecular weight of PPV-TIPNO is 
strongly overestimated (factor of 9). Nevertheless, these measurements show the increase of 
molecular weight with polymerization time for the PBA block, indicating the formation of 
block copolymers in a “living” way. The ratios between the molecular weight data obtained 
from 1H-NMR and GPC are roughly constant, indicating similar aggregation numbers for 
all samples. 
 
Table 2.3 Molecular weight and weight fraction of acrylate-based block 
copolymers determined by 1H-NMR and UV–vis. 
 
Sample Mn (103 g/mol)a) wPPV  (1H- NMR) wPPV (UV–vis) 
PPV-b-PBA 4h 5.6 0.61 0.68 
PPV-b-PBA 7h 8.2 0.40 0.48 
PPV-b-P(OxA-co-BA) 4h 7.0 0.49 0.53 
PPV-b-P(OxA-co-BA) 7h 7.0 0.49 0.52 
a)  Determined by 1H-NMR using PPV-TIPNO as a reference 
 
 
 Whereas the polymerization of PPV-TIPNO with BA showed an increase of molecular 
weight with time (Table 2.3), the oxadiazole-substituted acrylate seems to stop 
polymerizing after 4 hours, as evidenced by the weight-calibrated UV–vis spectra and 1H-
NMR. The absorption of the oxadiazole around 325 nm is also clearly present in the 
absorption spectra of the block copolymers (Figure 2.5). While the UV–vis method is rather 
crude, the influence of the oxadiazole on the polymerization behavior (crystallization or 
solidification) appears to be quite dramatic. These block copolymers contain 3 units of 
oxadiazole-substituted acrylate and 10 units n-butylacrylate, as calculated from 1H-NMR. 
However, even if the polymerization does not seem to be living, the UV–vis spectra 
nevertheless show that the formation of functional block copolymers is feasible. 
 During all polymerizations of acrylates with PPV-TIPNO, the PPV moiety seems to be 
inert towards the radical polymerization mechanism, as indicated by the constant absorption 
maximum of the PPV block (477 nm). This confirms the versatility of the NMRP approach 
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2.4 Synthesis of monomers and side-chain OPV-based block 
copolymers 
 
 Color tuning of the emitted light in PLEDs can be achieved through structural 
modifications of the PPV backbone by introducing a variety of side-chains10,34 or by 
obtaining copolymers in which small PPV-type oligomers are isolated within the 
backbone.60–67 Isolation of chromophores gives rise to well-defined optical properties like 
in small molecules. This is also achieved in polymers bearing chromophores in their side-
chains.68–70 Such polymers additionally exhibit superior processability because of their 
flexible backbones and possible amorphous nature. This approach is frequently applied 
through the modification of polystyrene derivatives or by starting with styrene-like 
monomers derivatized with oligo(p-phenylene vinylene) (OPV) groups.68,71 The latter 
method has the advantage of leading to fully functionalized polymers, whereas the first 
results in random copolymers due to incomplete functionalization. 
 
2.4.1 Design and synthesis of pendant-oligo(p-phenylene vinylene)-
based block copolymers 
 
 To obtain a well-defined, stable, blue-light-emitting polymer, a conjugated vinylic 
monomer, 4-tert-butyl-4’-(4-vinylstyryl)-trans-stilbene (v3PV) was synthesized, which can 
be considered as a PPV trimer (Scheme 2.8). From the conjugated monomer 4-tert-butyl-
4’-(4-vinylstyryl)-trans-stilbene (v3PV), we obtained a well-defined polymer, with narrow 
polydispersity, having blue-light-emitting side-chains. Cacialli et al. used a similar 
approach to incorporate distyrylbenzene and 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole 
(PBD) side-chains into poly(methacrylate) analogues.69 
 PBD is well known for its electron transport properties.72 In an extension of this work, 
PBD was functionalized with a terminal vinyl group to give 2-[4-(4’-vinylbiphenylyl)]-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole (vPBD) (Scheme 2.9). This monomer exhibits the 
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Scheme 2.9 Synthesis of monomer 2-[4-(4’-vinylbiphenylyl)]-5-(4-tert-butylphenyl)-
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 Monomer v3PV was synthesized via step-by-step route as depicted in Scheme 2.8. The 
stilbene unit 16 was formed by Heck-coupling of a styrene derivative and 
bromoacetophenone. The ketone function was reduced with sodium borohydride to the 
secondary alcohol 17. The vinylic end-group was finally formed by water elimination in a 
Dean–Stark apparatus, using para-toluenesulfonic acid as catalyst. The use of toluene 
instead of benzene allowed shorter reaction time without a decrease of the yield. Repetition 
of the three steps with the vinylstilbene 18 as starting material yielded the desired trimer 21. 
The presence of the tert-butyl substituent, introduced in the first step through the use of 
tert-butylstyrene, led to a monomer with reasonable solubility. The monomer vPBD (24) 
was prepared in three steps starting with the commercially available PBD, by adapting a 
method previously reported in the literature.73 The molecule was first acylated, and then the 
ketone function was reduced to an alcohol, which was finally dehydrated to the desired 
vinyl group. 
 
2.4.2 “Living” free radical polymerization with pendant functional 
monomers 
 
 Previous studies68 on the v3PV monomer showed that the TEMPO-mediated free 
radical polymerization could be applied successfully to large functional monomers. The 
control over the molecular weight and the polydispersity were much better than in the case 
of classical free radical polymerization. The low reactivity of the monomer, due to the 
strong delocalization of the radicals, induced longer reaction times (several days) and 
slightly higher polydispersity (1.5) than what is observed for simple monomers such as 
styrene. 
 Polymerization of vPBD under the same conditions appears to be very efficient (Table 
2.4). Homopolymer PPBDa exhibited a low polydispersity (1.21) and reasonably high 
molecular weight (38 × 103 g/mol). PPBDb, prepared under slightly different conditions 
(smaller quantities, increased dilution), showed a slightly higher polydispersity (1.29) and a 
higher molecular weight (63 × 103 g/mol). Using the unimolecular initiator 11 leads to 
similar results in terms of conversion and polydispersity; lower molecular weights result 
from an increase of the [initiator]/[monomer] ratio. The final conversions are considerably 
higher (50 – 60%) than those observed in the case of vPBD classical (azobisisobutyronitrile 
(AIBN)-initiated) free radical polymerization.73 Our results are comparable with the values 
observed for polystyrene obtained via a similar route.74,75 The kinetic studies carried out on 
PPBDb,d (Table 2.4, Figure 2.6) show a correlated increase of conversion and molecular 
weight versus reaction time, thus supporting a “living” character of the polymerization. 
Low polydispersities (down to 1.15) can be obtained by limiting the reaction time (and 
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therefore conversion); a main drawback of this strategy being the difficult removal of 
unreacted monomer by many successive precipitations. 
 
Table 2.4 Results on vPBD polymerization in refluxing xylene, using 
TEMPO/benzoyl peroxide (BPO) (PPBDa-b) or 11 (PPBDc-d) as 
initiator. Molecular weight, polydispersity and conversion (PPBDb: not 
measured) versus reaction time. Theoretical Mw =  conversion ×  
[monomer] / [initiator]; theoretical maximum Mw = 76 × 10
3 g/mol 
(PPBDb), 52 × 103 g/mol (PPBDd). Molecular weights were determined 













Mw (103 g/mol) 
PPBDa BPO/TEMPO 16 59 38 1.21 45 
PPBDb BPO/TEMPO 1 - 43 1.34 - 
  2.5 - 54 1.46 - 
  16 - 63 1.29 - 
  48 - 65 1.31 - 
PPBDc 11 15 61 26 1.30 23 
PPBDd 11 0.8 18 16 1.13 4.2 
  2 23 20 1.12 12 
  4 42 24 1.14 22 
  17 56 31 1.29 29 
  50 60 32 1.25 31 
PPBDe - 15 80 120 2.60 - 
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 The reactivity of vPBD monomer is much better than that of v3PV: the polymerization 
appears to be almost complete after 15–16 hours instead of several days. This higher 
reactivity can be explained by the fact that the vPBD monomer is based on a biphenyl unit 
in which the delocalization should be less than in a distyrylbenzene unit, the enhanced 
reactivity allowing shorter reaction times and narrower polydispersities. The drawback of 
this reactivity is that vPBD self-polymerizes in refluxing xylene, which leads to high 
molecular weights and broadly polydisperse material (PPBDe). However under the 
conditions we used (whether BPO/TEMPO or 11 is used as initiator), the TEMPO-
mediated polymerization seems to efficiently compete with such a self-initiated 
polymerization, as seen on the molecular weight distribution (Table 2.4). 
Figure 2.6 Kinetic study on PPBDd: molecular weight (Mn : triangles, Mw : circles) 
and polydispersity (squares) as a function of monomer conversion. 
 
 By having the isolated PPBDa polymer react with v3PV monomer, we obtained a 
diblock copolymer P(PBDa-b-3PV) (Scheme 2.10). The polydispersity of the diblock 
P(PBD-b-3PV) (1.53) is somewhat higher than that of the PPBD and does not compare so 
favorably with the values obtained on other “TEMPO-diblocks”, but it is consistent with 
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the low reactivity of the second monomer. A partial inactivation of the PPBD chains (dead 
ends) cannot be neglected, which might be the reason for the increased polydispersity of the 
diblock. It can also explain the shape of the GPC (SEC) diagrams of PPBDa and of 
P(PBDc-b-3PV) at high elution volume, showing the presence of chains of the same, 
relatively low molecular weight. The percentage of dead polymer chains is very difficult to 
quantify. However, it is noteworthy that this kind of copolymer can probably not be 
obtained by other polymerization techniques: these conjugated monomers are not suitable 
for anionic processes, due to the presence of reactive double bonds (v3PV) or acidic 
aromatic hydrogens (vPBD) that would give side reactions. Using classical free radical 
polymerization, no block copolymers can be obtained, and random copolymers would be 
unlikely to form due to the quite different reactivities of the monomers. 
 
Scheme 2.10 Synthesis of PPBD homopolymer and subsequent extension to P(PBD-b-
3PV) diblock copolymer. Y=PhCOO- for BPO/TEMPO and Y=H for 11. 
 
 The optical properties of the diblock copolymer in solution are a sum of the optical 
properties of the two homopolymers (Table 2.5). The absorption spectrum can be deduced 
by adding the spectra of the two separate polymers, normalized to the percentage of each 
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mixture of the two homopolymers (Figure 2.7). The block copolymer P(PBDa-b-3PV) 
shows therefore both a very strong absorption in the UV and an efficient fluorescence in the 
blue part of the visible spectrum. 
 
Table 2.5 Polymer characterization and spectroscopic data in THF solutions of the 
P3PV, PPBDa and P(PBDa-b-3PV) polymers. 
 
 P3PV PPBDa P(PBDa-b-3PV) 
Isolated yield (%) 76 61 51 
Mw (103 g/mol) 66 26 58 
Polydispersity 2.5 1.3 1.53 
λmax absorption (nm) 367 309 313/365 
λmax emission (nm) 408/431 376 376/408/428 
Fluorescence yield (%) 85 50 60 
 
Figure 2.7 UV–vis absorption and photoluminescence spectra of PPBDa (- - - -), 
P3PV (· · · · ·) and P(PBDa-b-3PV) (––––––) in THF. 































 1H-NMR spectra were recorded on a 300 MHz Varian Gemini-300 spectrometer with 
internal lock on the 2H-signal of the solvent. Absorbance spectra were measured with a 
SLM Aminco 3000 diode array spectrometer with UV-grade solvents. Photoluminescence 
spectra were recorded on a Perkin–Elmer LS50-B spectrofluorimeter with the excitation 
wavelength at the absorption maximum. Thermogravimetric analyses were carried out with 
a Perkin–Elmer TGA7 at a heating rate of 10 °C/min under a nitrogen atmosphere. The 
GPC measurements were performed in THF using PL-gel mixed-C columns in a Waters 
Powerline 600 LC-system, equipped with a Waters 996 Photodiode detector and a Wyatt 
Dawn DSP light scattering detector. GPC in chloroform was performed on Spectra Physics 
AS 1000 coupled with a Shodex RI-71 refractive index detector and a Viskotek H-502 
viscometer and molecular weights were determined relative to polystyrene standards or 
calculated with a measured dn/dc. Values of dn/dc were measured on a KMX-16 laser 
differential refractometer in THF at wavelength of 633 nm at 25 °C. EI mass spectra were 
recorded on a Jeol JMS 600H mass spectrometer. 
 
Materials and methods 
 THF was distilled from Na/K-alloy, ether from LiAlH4 and toluene from 
Na/benzophenone. BPO was recrystallized from chloroform/methanol before use. Styrene 
and 4-chloromethylstyrene were distilled at reduced pressure before use. Triethylamine was 
distilled from KOH before use. The unimolecular TEMPO-initiators 5 and 11 were 
synthesized according to References 42 and 76, respectively. Other chemicals were used as 
received, unless noted otherwise. 
 
2,5-dioctyloxytoluene (1) 
Hydrochinon (30 g, 0.242 mol) and KOH (42 g, 0.75 mol) were dissolved in 450 ml ethanol 
and refluxed for 1 hour. Bromooctane (145 g, 0.75 mol) was slowly added to the solution 
and refluxed for 24 hours. Water (600 ml) was added and the ethanol/water mixture was 
extracted with 3 × 400 ml ether. The combined ether phases were washed with 2 × 75 ml 
water, separated and the ether was evaporated, leaving a black liquid. The black liquid was 
filtered over a silica column with hexane:ether (5:1) as eluent. Ether and hexane were 
evaporated and the product 1 was purified by Kugelrohr at 150 °C/0.05 mm Hg. Yield: 
59.66 g (71 %). 
Design and Synthesis of Semiconducting Block Copolymers 53 
1H-NMR (CDCl3): δ (ppm) = 0.9 (t, 6H, CH3), 1.2–1.9 (m, 24H CH2), 2.3 (s, 3H, arom. 




1 (50 g, 0.14 mol) was dissolved in 200 ml CH2Cl2 and cooled for 1 hour at 0 °C. TiCl4 (43 
g, 0.22 mol) was added drop-wise and the solution was stirred for 30 minutes. Cl2CHOCH3 
(23 g, 0.20 mol) was added carefully and the temperature was slowly raised till room 
temperature and stirred for 24 hours. The solution was poured out in 500 ml ice/water and 
the water phase was extracted with 3 × 75 ml CH2Cl2. The dichloromethane solution was 
washed with 3 × 25 ml water, dried on Na2SO4, filtered and the solvent was evaporated. 
The product was recrystallized twice from cold acetone, yielding 21.06 g (40 %) of 2. 
1H-NMR (CDCl3): δ (ppm) = 0.9 (t, 6H, CH3), 1.2–1.9 (m, 24H CH2), 2.3 (s, 3H, arom. 




2 (10.1 g, 27 mmol) and aniline (2.8 g, 30 mmol) were condensed at 60 °C, 30 mbar for 1 
hour (elimination of water) and was used without purification. 
 
ω-Formyl-poly(2,5-dioctyloxy-1,4-phenylene vinylene) (4) 
This polymer was synthesized according to literature procedures37 at 80 °C for 2 hours, 
starting from 10 g of 2,5-dioctyloxy-p-tolylaldemine (3). To hydrolyze the aldimine end-
group, the reaction mixture was cooled and poured into a mixture of 1000 ml 1N HCl and 
2000 ml CHCl3. After stirring for 2 hours, the organic layer was separated and washed with 
water until the aqueous phase was neutral. The organic phase was dried over Na2SO4, 
concentrated and precipitated twice into a large excess of acetone. Filtration yielded a red 
powder, which was dried at 50 °C under vacuum. The 1H-NMR spectrum corresponded to 
the literature data. 
 
PPV-TEMPO (6) 
A solution of the bromosubstituted alkoxyamine (synthesized according to Reference 42) 
(1.2 g, 3.5 mmol) in 10 ml of dry THF was slowly added to 0.16 g (6.6 mmol) Mg-turnings 
in 30 ml dry THF. After stirring for 2 hours at room temperature, the resulting solution of 
the Grignard reagent 5 was added to a solution of PPV-aldehyde 4 (1.5 g) in 400 ml of dry 
THF, kept at 60 °C and stirred overnight. After cooling the reaction mixture to room 
temperature, it was poured into a large excess of ethanol that contained a small amount of 
HCl. After filtration, the resulting red powder was dissolved in CHCl3 and precipitated in 
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ethanol again. Drying at 40 °C under vacuum resulted in 1.3 g of the TEMPO-
functionalized PPV-block. 
1H-NMR (CDCl3): δ (ppm) = 0.7–1.9 (m, aliph. CH2, CH3), 2.2 (s, arom. CH3), 4.0 (s, 
OCH2), 4.6, 4.7 (2 s, CHOX, X = H, N), 7.1 (br. s, arom. CH), 7.4 (br. s, olef. CH). 
 
1-(4-Bromophenyl)ethanol (7) 
15 g (75.4 mmol) 4-bromoacetophenone were dissolved in 40 ml of dry ether and added 
under nitrogen to a stirred slurry of 1 g (26.4 mmol) of LiAlH4 in 200 ml of dry ether. The 
resulting slurry was stirred for 3 hours at room temperature. After slow addition of 30 ml of 
water, followed by 10 ml of 1N HCl, the organic layer was separated and the aqueous phase 
extracted three times with 30 ml of ether. The organic fractions were combined and washed 
several times with small portions of water, dried over Na2SO4 and the solvent was removed 
under reduced pressure. As 1H-NMR spectroscopy indicated complete reduction, the 
resulting colorless oil (7) was used without further purification. 
1H-NMR (CDCl3): δ (ppm) = 1.42 (d, 3H, CH3), 1.83 (s, 1H, OH), 4.82 (t, 1H, CHOH), 
7.19 / 7.41 (2 d, 4H, arom. H). 
 
1-(4-Bromophenyl)ethylbromide (8) 
5 g (25 mmol) of 7 were dissolved in 50 ml of dry toluene and 2 ml of dry pyridine. 
Subsequently, 3 g (11 mmol) of PBr3 were added to this solution, and the resulting slurry 
was stirred at room temperature overnight. After pouring the mixture into water, the organic 
phase was extracted and washed three times with water and dried over Na2SO4. 
Evaporation of the solvent under reduced pressure yielded colorless oil, which was purified 
by column chromatography over silica gel, using hexane as an eluent. Yield: 4 g (61%) of 
colorless oil (8). 




9 was prepared according to Reference 43. 
 
2,2,5-Trimethyl-3-[1-(4-bromophenyl)ethoxy]-4-phenyl-3-azahexane (10) 
4 g (15.2 mmol) of 8, 3.67 g (16.7 mmol) nitroxide 9, 24 mg (0.17mmol) CuBr, 0.8 g (12.6 
mmol) Cu and 0.12 g (0.8 mmol) bipy were dissolved in 25 ml of dry toluene and degassed 
by bubbling dry nitrogen through the solution for 15 minutes. After stirring the mixture 
overnight at 75 °C, the reaction mixture was cooled down and filtered over basic alumina, 
using hexane as an eluent. Yield: 5 g (82%) of viscous, colorless oil (10). 1H-NMR data 
corresponded to the data of Reference 43. 
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MS (EI): 221 (M+-C8H7Br, 14%), 185, 183 (Br-pattern, M+-C14H22NO, 11), 178 (26), 134 
(11), 133 (100), 122 (15), 104 (11), 91 (48), 57 (15). 
 
PPV-TIPNO 
4 g PPV-aldehyde (4) were dissolved in 200 ml of dry THF at 60 °C. 3 g (7.5 mmol) of the 
bromo-alkoxyamine 10 were dissolved in 50 ml of dry ether and cooled to –40 °C. After 
the addition of 3 ml of n-butyllithium (2.5M in hexane; 7.5 mmol), the solution was 
allowed to warm-up to room temperature. During this time, the originally colorless solution 
turned yellow–orange. This solution was transferred via syringe to the PPV-aldehyde 
solution. After stirring for 1 hour, it was cooled to room temperature, diluted with 100 ml of 
CHCl3 and precipitated into 1000 ml of acetone that contained a small amount of HCl. The 
red solid was collected by filtration, dissolved in CHCl3 and reprecipitated in a large excess 
of acetone. Yield: 4 g of a red powder (PPV-TIPNO). 
1H-NMR (CDCl3): δ (ppm) = 0.16, 0.48 (d, CH3 endgroup); 0.72, 0.99 (s, CH3 endgroup), 
0.82 (s, aliph. CH3), 1.24–1.81 (m, aliph. CH2), 2.19 (s, Ar-CH3), 3.05 (br. s, endgroup), 
4.01 (br. s, OCH2), 4.85 (br. s, endgroup), 5.98 (br. s, CHOH endgroup), 7.11 (br. s, arom. 
H), 7.44 (br. s, olef. H). 
 
Copolymerization of styrene and 4-chloromethylstyrene 
Random copolymers were prepared by mixing together appropriate amounts of monomer 
with 11. After addition of a small amount of acetic anhydride, the mixtures were degassed 
by several freeze–pump–thaw cycles, flushed with dry nitrogen and subsequently immersed 
in an oil bath kept at 135 °C for 5 hours, when the reaction mixture solidified. After cooling 
to room temperature, the polymer was dissolved in CHCl3 and precipitated in methanol. 
The precipitate was filtered, redissolved in CHCl3 and precipitated in methanol again. After 
filtration, the polymer was dried under vacuum at 50 °C. 
P(S-stat-CMS)-11: 0.13 g (0.5 mmol) 11, 1.06g (10.2 mmol) styrene, 1.10 g (7.2 mmol) 4-
chloromethylstyrene; yield: 0.88 g polymer, Mn = 6.7 × 103 g/mol, Mw = 8.2 × 103 g/mol; 
Mw/Mn = 1.22. 
P(S-stat-CMS)-31: 0.13 g (0.5 mmol) 11, 2.08 g (20.0 mmol) styrene, 1.02 g (6.7 mmol) 4- 
chloromethylstyrene; yield: 2.0 g polymer, Mn = 10.6 × 103 g/mol, Mw = 12.8 × 103 g/mol; 
Mw/Mn = 1.21. 
P(S-stat-CMS)-51: 0.13 g (0.5 mmol) 11, 2.08 g (20.0 mmol) styrene, 0.61 g (4.0 mmol) 4- 
chloromethylstyrene; yield: 1.66 g polymer, Mn = 7.7 × 103 g/mol, Mw = 8.6 × 103 g/mol; 
Mw/Mn = 1.12. 
Representative 1H-NMR (CDCl3) for P(S-stat-CMS)-51: δ (ppm) = 1.39–1.79 (br. s, aliph. 
CH, CH2), 4.47 (br. s, CH2Cl), 6.54 / 7.03 (br. s, arom. CH). 
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Functionalization of statistical copolymers of styrene and 4-chloromethylstyrene with 
C60 
The corresponding copolymer was dissolved together with C60, Cu(0), CuBr, 2,2’-bipyridine 
(bipy) and toluene, and degassed by evacuation and subsequent flushing with dry N2. The 
mixture was then refluxed for 6 hours. After cooling to room temperature, the reaction 
mixture was filtered and the solvent evaporated under vacuum. The residue was taken up in 
THF and filtered again. The filter was subsequently washed until the filtrate was colorless. 
The combined organic phases were concentrated under reduced pressure and precipitated 
into methanol. The thus obtained brown residue was taken up in a small amount of CHCl3, 
precipitated again in methanol, filtered and dried at 50 °C under vacuum overnight. 
P(S-stat-C60MS)-11: 0.35 g P(S-stat-CMS)-11, 0.49 g (0.68 mmol) C60, 0.017 g (0.12 
mmol) CuBr, 0.085 g (1.4 mmol) Cu, 0.14 g (0.9 mmol) bipy, 150 ml toluene. Yield: 0.26 g 
polymer. 
P(S-stat-C60MS)-31: 0.47 g P(S-stat-CMS)-31, 0.36 g (0.50 mmol) C60, 0.021 g (0.15 
mmol) CuBr, 0.1 g (1.6 mmol) Cu, 0.1 g (0.6 mmol) bipy, 150 ml toluene. Yield: 0.3 g 
polymer, Mn = 9.3 × 104 g/mol, Mw = 36.9 × 104 g/mol; Mw/Mn = 3.98. 
P(S-stat-C60MS)-51: 0.29 g P(S-stat-CMS)-51, 0.25 g (0.35 mmol) C60, 0.007 g (0.05 
mmol) CuBr, 0.05 g (0.8 mmol) Cu, 0.1 g (0.6 mmol) bipy, 150 ml toluene. Yield: 0.2 g 
polymer, Mn = 15.8 × 103 g/mol, Mw = 34.0 × 103 g/mol; Mw/Mn = 2.15. 
Representative 1H-NMR (CDCl3) for P(S-stat-C60MS)-51: δ (ppm) = 1.38–1.78 (br. s, 
aliph. CH, CH2), 4.46 (br. s, CH2X, X = Cl or C60), 6.52 / 7.02 (br. s, arom. CH). 
 
PPV-b-PS with PPV-TEMPO 
0.6 g PPV-TEMPO, 5.5 g (53 mmol) styrene and 0.2 g acetic anhydride were mixed in a 
vessel, degassed by three freeze–pump–thaw cycles and immersed into a thermostat oil-
bath kept at 130 °C. Samples were taken after 50, 95, and 105 minutes (when the reaction 
mixture had solidified), diluted with CHCl3 and precipitated twice in methanol and once in 
acetone. 
Representative 1H-NMR (CDCl3) for PPV-b-PS (50 min): δ (ppm) = 0.8 (s, aliph. CH3), 
1.3–1.8 (m, aliph. CH, CH2), 2.2 (br. s, arom. CH3), 4.0 (br. s, OCH2), 6.5 / 7.0 (br. s, arom. 
CH), 7.4 (br. s, olef. CH). 
 
PPV-b-P(S-stat-CMS) 
0.2 g PPV-TEMPO, 0.83 g (8.0 mmol) styrene, 0.61 g (4.0 mmol) 4-chloromethylstyrene 
and 0.2 g acetic anhydride were mixed in a vessel, degassed by three freeze–pump–thaw 
cycles and immersed into a thermostat oil-bath kept at 135 °C. After 2 hours, the reaction 
mixture had solidified. It was diluted with CHCl3 and precipitated twice in methanol. Yield: 
0.47 g of a red powder. 
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1H-NMR (CDCl3): δ (ppm) = 0.8 (br. s, aliph. CH3), 1.3–1.8 (m, aliph. CH, CH2), 2.2 (br. s, 




0.1 g of PPV-b-P(S-stat-CMS), 0.2 g (0.3 mmol) C60, 0.011 g (0.08 mmol) CuBr, 0.017 g 
(0.27 mmol) Cu and 0.052 g (0.33 mmol) bipy were dissolved in 30 ml 1,2-
dichlorobenzene and degassed by bubbling dry nitrogen through the solution for 15 
minutes. Then the reaction mixture was heated to 120 °C for 3 hours, cooled to room 
temperature and filtered. The filter was washed several times with toluene and the solvent 
subsequently removed under reduced pressure. THF was added to the residue, and the 
brownish solution was filtered. After washing the filter with THF until the solvent remained 
colorless, the resulting solution was concentrated and precipitated twice in methanol. This 
yielded 50 mg of a brownish powder. 
1H-NMR (CDCl3): δ (ppm) = 0.8 (br. s, aliph. CH3), 1.3–1.8 (m, aliph. CH2), 2.18 (br. s, 
arom. CH3), 4.00 (br. s, OCH2), 4.5 (br. s, CH2X, X = Cl or C60), 6.5 / 7.0 (br. s, arom. CH), 
7.4 (br. s, olef. CH). 
 
PPV-b-PS (27.2 × 103 g/mol) with PPV-TIPNO 
400 mg PPV-TIPNO, 10 g styrene, 100 mg acetic anhydride and 20 mg 9 were degassed 
by three freeze-pump-thaw cycles, flushed with dry nitrogen and polymerized at 125 °C. 
After 3 hours the solution solidified and was dissolved in toluene, filtered and precipitated 
in 1 L methanol. The precipitate was dissolved in chloroform and reprecipitated in 1 L 
acetone. Styrene conversion: 14 %. Yield: 1.78 g PPV-b-PS. 
1H-NMR (CDCl3): δ (ppm) = 0.8 (s, aliph. CH3), 1.3–1.8 (m, aliph. CH, CH2), 2.2 (br. s, 
arom. CH3), 4.0 (br. s, OCH2), 6.5–7.0 (br. s, arom. CH), 7.4 (br. s, olef. CH). 
 
PPV-b-PS with PPV-TIPNO in anisole 
800 mg PPV-TIPNO, 20 g styrene, 20 g anisole, 200 mg acetic anhydride and 10 mg 9 
were degassed by three freeze-pump-thaw cycles, flushed with dry nitrogen and 
polymerized at 125 °C. After 200, 380 and 500 minutes samples were taken, dissolved in 
chloroform, filtered and precipitated in 1.5 L methanol. The precipitated was dissolved in 
chloroform, filtered and reprecipitated in 1 L acetone. 
1H-NMR (CDCl3): δ (ppm) = 0.8 (s, aliph. CH3), 1.3–1.8 (m, aliph. CH, CH2), 2.2 (br. s, 
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PPV-b-P4VP 
200 mg PPV-TIPNO, 10 g 4-vinylpyridine, 10 g anisole, 200 mg acetic anhydride and 2 
mg 9 were degassed by three freeze-pump-thaw cycles, flushed with nitrogen and 
polymerized at 110 °C. After 240 and 480 minutes samples were taken and precipitated in 
in 1 L hexane. The polymer was redissolved in chloroform and precipitated in 1 L hexane. 
Yields: 189 mg (4 hours) and 373 mg (8 hours). 
1H-NMR (CDCl3): δ (ppm) = 0.8 (s, aliph. CH3), 1.3–1.8 (m, aliph. CH, CH2), 2.2 (br. s, 
arom. CH3), 4.0 (br. s, OCH2), 6.2–6.6 (br. d, arom. CH), 7.11 (br. s, arom. H), 7.4 (br. s, 
olef. CH), 8.0–8.6 (br. d, arom. CH). 
 
4-(4-Hexyloxyphenyl)phenyltetrazole (12) 
8.4 g 4’-Hexyloxy-4-cyano-biphenyl (30 mmol) were dissolved in 20 ml of dry DMF that 
contained 1.93 g (36 mmol) NH4Cl and 2.34 g (36 mmol) NaN3. The mixture was stirred 
overnight at 150 °C and then poured into slightly acidified water. The white precipitate was 
filtered off, washed with water and dried under vacuum at 60 °C overnight. Yield: 9.6 g (99 
%) of a white powder. 
1H-NMR (CDCl3): δ (ppm) = 0.8 (s, 3H, aliph. CH3), 1.1–1.4 (m, 6H, aliph. CH2), 1.7 (t, 
2H, OCH2–CH2), 3.9 (t, 2H OCH2), 6.88 (d, 2H, arom. CH), 7.47 (d, 2H, arom. CH), 7.61 
(d, 2H, arom. CH), 8.1 (d, 2H, arom. CH). 
 
4-(6-Hydroxyhexyloxy)-benzoic acid (13) 
26.5 g (0.19 mol) 4-Hydroxybenzoic acid were dissolved in 400 ml EtOH in a nitrogen 
atmosphere. 36 g (0.92 mol) Potassium hydroxide were added, and the reaction mixture 
was slowly heated to reflux. 6-Chlorohexanol (44 g, 0.32 mol) in 50 ml EtOH were then 
slowly added, and the reaction mixture was stirred for 6 hours at reflux. After cooling to 
room temperature, the mixture was acidified with concentrated hydrochloric acid. The 
white precipitate was filtered off and recystallized from ethanol. Yield: 24 g (53 %) of a 
white solid. 
1H-NMR (THF-d4): δ (ppm) = 3.1–3.5 (m, 10H, aliph. CH2), 3.6 (t, 1H, OH), 5.8 (t, 2H, 
OCH2), 8.7 (d, 2H, arom. CH), 9.7 (d, 2H, arom. CH). 
 
2-(4-(6-Hydroxyhexyloxy)phenyl)-5-(4-(4-hexyloxy)phenyl)phenyl)-oxadiazole (14) 
6.7 g (28.1 mmol) 13 were treated with 10 g of acetic anhydride and 6 g pyridine, and 
stirred for 3 hours at 80 °C. After cooling to room temperature, the mixture was poured out 
into water and extracted three times with small portions of CHCl3. After washing the 
organic phase several times with water, it was dried with Na2SO4 and the solvent removed 
under vacuum. The resulting white solid was refluxed for 1 hour with SOCl2 (8.2 g). The 
excess of SOCl2 was then removed under vacuum. 4 g (12.4 mmol) 12 were suspended in 
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60 ml of dry pyridine and added slowly to the acid chloride. After stirring at 80 °C for 4 
hours, the reaction mixture was poured out into water and extracted with CHCl3. 
Purification by column chromatography (silicagel, toluene/ethyl acetate 3:2) yielded 5.7 g 
(83 %) of the protected oxadiazole as a white solid. Deprotection was done by suspending 
the product in a mixture of THF/EtOH/aq. KOH and stirring for 3 hours at 60 °C. The 
suspension slowly dissolved after warming. After pouring the mixture into acidified water, 
extracting with CHCl3 and drying with Na2SO4, the solvent was removed under vacuum 
and the white residue recrystallized from EtOH. Yield: 4.9 g (77 % overall) of white 
platelets. 
1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, aliph. CH3), 1.2–1.8 (m, 18H, aliph. CH2), 3.6 (t, 
1H, OH), 3.9–4.1 (dt, 4H, OCH2), 6.95 (dd, 4H, arom. CH), 7.52 (d, 2H, arom. CH), 7.65 
(d, 2H, arom. CH), 8.0 (d, 2H, arom. CH), 8.1 (d, 2H, arom. CH). 
 
2-(4-(6-hexylacrylate)phenyl)-5-(4-(4-hexyloxy)phenyl)phenyl)-oxadiazole (15) 
2.9 g (5.6 mmol) 14 were dissolved in 20 ml of dry CH2Cl2 and 5 ml dry pyridine. To this 
solution, 50 mg of 4-dimethylaminopyridine (DMAP) were added, followed slowly by 5 g 
(48.8 mmol) of freshly distilled acryloylchloride. After stirring overnight, the reaction 
mixture was poured out into water, extracted with CHCl3 and subsequently precipitated 
twice in MeOH. Yield: 2.34 g (73 %) of a white powder. 
1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, aliph. CH3), 1.2–1.85 (m, 16H, aliph. CH2), 3.9–
4.05 (dt, 4H, OCH2), 4.15 (t, 2H, ester CH2), 5.8 (d, 1H, olef. CH), 6.0–6.2 (dd, 1H, olef. 
CH), 6.4 (d, 1H, olef. CH), 6.95 (dd, 4H, arom. CH), 7.52 (d, 2H, arom. CH), 7.65 (d, 2H, 
arom. CH), 8.0 (d, 2H, arom. CH), 8.1 (d, 2H, arom. CH). 
 
Copolymerization of 15 and n-butylacrylate with PPV-TIPNO 
0.2 g PPV-TIPNO, 2.34 g (4.1 mmol) 15 and 2.43 g (19 mmol) n-butylacrylate were 
dissolved in 5 g anisole, degassed by three freeze-pump-thaw cycles and subsequently 
placed in an oil-bath thermostated at 120 °C. A sample was taken after 4 hours, and the 
polymerization was stopped after 7 hours. The polymers were first precipitated in MeOH, 
followed by twice precipitating in acetone. Yield: 150 mg (4 hours) and 160 mg (7 hours) 
of orange-red powders. 
1H-NMR (CDCl3): δ (ppm) = 0.6–1.0 (m, CH3 endgroup), 1.0–2.0 (br. m, aliph. 
CH/CH2/CH3), 2.2 (br. d, COOCH2), 3.6–4.2 (br. m, OCH2), 6.9 (br. d, arom. CH OxA), 
7.1 (br. s, arom. H PPV), 7.4 (br. s, olef. H PPV), 7.6 (br. m, arom. CH OxA), 8.0 (br m, 
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PPV-b-PBA 
 0.4 g macroinitiator PPV-TIPNO were dissolved in 10 g of dry anisole and 10 g n-
butylacrylate. 0.2 g Acetic acid anhydride and 2 mg of nitroxide 9 were added, the mixture 
was degassed by three freeze–pump–thaw cycles and then kept under a nitrogen 
atmosphere. Placing the flask into an oil bath thermostated at 120 °C started 
polymerization. After 4 and 7 hours, samples were taken, cooled to room temperature and 
precipitated into a large excess of methanol. After filtration, the red solid was dissolved in 
CHCl3 and repreciptated in methanol. Yield: 200 mg (4 h) and 320 mg (7 h) of a sticky, red 
solid. 
1H-NMR (CDCl3): δ (ppm) = 0.36, 0.45 (d, CH3 endgroup), 0.82–2.0 (m, aliph. 
CH/CH2/CH3), 2.2 (br. d COOCH2), 3.31 (s, endgroup), 3.99 (br. s, OCH2), 7.21 (br. s, 
arom. H), 7.44 (br. s, olef. H). 
 
4-tert-butyl- 4’-(4-vinylstyryl)-trans-stilbene (v3PV, 21) 
Precursors 16, 17, 18, 19, 20 and monomer 21 were synthesized according to the literature 
procedure of Moroni et al.68 
 
2-[4-(4’-Acetylbiphenylyl)-5-(4-tert-butylphenyl)]-1,3,4-oxadiazole (22) 
The 2-(4-(biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole (15 g, 42 mmol) was dissolved 
under argon in 380 ml of dry methylene chloride. Freshly distilled acetyl chloride (7.6 ml, 
107 mmol) was added while stirring. Aluminium chloride (48 g, 360 mmol) was then 
slowly added and the mixture was heated to reflux for 5 hours. The cooled mixture was 
poured on 300 g of ice. The organic phase was washed twice with 200 ml of water and 
dried over Na2SO4. The solvent was evaporated to obtain 16 g (40 mmol) of crude product 
22, which could be used without further purification. 
1H-NMR (CDCl3): δ (ppm) = 1.37 (s, 3H, arom. CH3), 2.64 (s, 3H, -COCH3), 7.58 (d, 2H, 
arom. H), 7.79 (2t, 4H, arom. H), 8.06 (2d, 4H, arom. H), 8.21 (d, 2H, arom. H). 
 
2-[4-(4’-(1-Hydroxyethyl)biphenylyl)]-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (23) 
To a stirred solution of 22 (3.01 g, 7.6 mmol) in 70 ml of ethanol, NaBH4 was slowly added 
(0.68 g, 18 mmol). The mixture was stirred for 5 hours at room temperature. 20 ml of 2% 
HCl solution were added and the precipitate was filtered off and washed with water to give 
2.99 g (7.5 mmol) of product 23 that could be used without further purification. 
1H-NMR (CDCl3): δ (ppm) = 1.36 (s, 9H, arom. CH3), 1.58 (d, 3H, -CHOH-CH3), 1.70 (s, 
1H, -OH), 4.96 (qu, 1H, -CHOH-), 7.54 (dd, 4H, arom. H), 7.61 (d, 2H, arom. H), 7.77 (d, 
2H, arom. H), 8.07 (d, 2H, arom. H), 8.19 (d, 2H, arom. H). 
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2-[4-(4’-Vinylbiphenylyl)]-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (vPBD, 24) 
A solution of 23 (2.31 g, 5.80 mmol) and p-toluenesolfonic acid (pTSA) (115 mg, 0.61 
mmol) in 80 ml dry toluene was heated to reflux in a Dean–Stark apparatus. The distilled 
solvent was continuously removed, while same amounts of dry toluene were added to the 
reaction. The reaction was followed by TLC and continued until complete conversion (ca. 
18–24 hours). The solution was then allowed to concentrate to ca. half-volume, and the 
cooled mixture was mixed with 30 ml chloroform, washed twice with 30 ml of 1N aqueous 
Na2CO3, and twice with 40 ml water. The organic layer was dried over Na2SO4, evaporated 
and then purified by column chromatography (silicagel, CHCl3) to obtain 1.70 g (4.47 
mmol) of monomer 24 as a white powder. Overall yield: 70%. 
1H-NMR (CDCl3): δ (ppm) = 1.37 (s, 9H, arom. CH3), 5.33 (d, 2H, -CH=CH2), 5.82 (d, 1H, 
-CH=CH2), 6.76 (qu, 1H, arom. CH=CH2), 7.58 (m, 6H, arom. H), 7.76 (d, 2H, arom. H), 
8.09 (d, 2H, arom. H), 8.2 (d, 2H, arom. H). 
Anal. calcd. %: C, 82.07; H, 6.36; N, 7.36; O, 4.20. Found: C, 81.61; H, 6.44; N, 7.19; O, 
4.52. 
 
Polymerization of 24 
PPBDa: The monomer 24 (1.52 g, 4 mmol), BPO (2.4 mg, 0.01 mmol), the TEMPO radical 
(3.8 mg, 0.024 mmol), camphor sulfonic acid (CSA) (20 mg, 0.086 mmol) and 5 ml of 
xylene were charged under argon in a vessel, stirred at 95 °C for 1 hour and then refluxed 
for 16 hours. The product was directly precipitated in 50 ml of methanol. The precipitate 
was collected, dissolved in 5 ml of warm toluene and reprecipitated in 50 ml of methanol. 
The precipitate was collected by filtration and dried under vacuum to obtain 0.89 g of a 
white powder PPBDa. Yield: 59 %. 
Anal. calcd. %: C, 82.07; H, 6.36; N, 7.36. Found: C, 81.42; H, 6.50; N, 7.11. 
PPBDb: The same procedure as above was followed with half the quantities of reagents 
(monomer, initiator) in 3 ml of xylene. After 1, 2.5 and 16 hours respectively, 0.5 ml 
aliquots were taken and precipitated in 10 ml of methanol. After 48 hours, the remaining 
solution was precipitated in 20 ml of methanol. All the precipitates were dissolved in 
methylene chloride and reprecipitated in methanol. 
PPBDc: Same procedure as above, with initiator 11 (9.9 mg, 0.038 mmol), 24 (1.4g, 3.68 
mmol) in 5 ml xylene and refluxing for 15 hours. The hot reaction mixture was precipitated 
in 20 ml of methanol. The precipitate was collected, dissolved in 5 ml hot toluene and 
reprecipitated in 20 ml of methanol to afford 850 mg polymer. 
PPBDd: Same procedure as for PPBDc, with 11 (4.7 mg, 0.018 mmol), 24 (940 mg, 2.47 
mmol) in 4 ml xylene, refluxing for 48 hours. At different times, 0.5 ml aliquots were 
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taken, precipitated once in 10 ml methanol, filtered and dried in vacuum. The precipitates 
were dried, weighed, and the polymer/monomer ratio was determined by 1H-NMR. 
PPBDe (self-initiated): Same procedure as for PPBDc, with 24 (50 mg, 0.13 mmol) in 0.2 
ml xylene. After refluxing for 15 hours, the mixture was diluted to 1 ml in toluene and 
precipitated in 5 ml methanol. 
 
Polymerization of diblock copolymer P(PBD-b-3PV) 
The polymer PPBDa (300 mg, 0.79 mmol of repeat units), monomer 21 (350 mg, 0.96 
mmol), CSA (10 mg, 0.043 mmol) and 5 ml xylene were charged under argon in a vessel. 
The mixture was stirred and refluxed for 3 days. The product was then precipitated in 30 ml 
of methanol and the precipitate was collected by filtration to obtain 480 mg of a light 
yellow-beige powder. Analytical calculated for a polymer containing 2/3 of PBD and 1/3 of 
3PV (according to SEC values). 
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 The influence of the solvent temperature and the solvent quality on the chain 
conformation and the aggregation of semiconducting block copolymers is described in this 
Chapter. Decreasing the temperature of a chloroform solution of PPV-b-PS hardly affected 
the conformation of the block copolymer. However, when CS2 was used as a solvent, its 
cooling resulted in aggregation of PPV-b-PS, manifested by an additional 
photoluminescence band (630 nm) at the red edge of the PL spectrum. 
 Upon addition of a selective solvent (acetone) for the polystyrene block to a solution of 
PPV-b-PS in chloroform (good solvent for both blocks), a new PL maximum (575 nm) and 
a shoulder (625 nm) were observed. The PL spectrum of the semiconducting block 
copolymer in a mixture of chloroform and acetone resembled the PL spectrum of a thin film 
cast from chloroform. The solution PL spectra are composites of single-molecule 
contributions (peaking around 540 nm) and aggregate contributions. This confirms the idea 
of micelle formation, where such particles are in dynamic equilibrium with single 
molecules; the concentration of the latter remains fixed at the, so-called, critical micelle 
concentration. Small angle neutron scattering experiments supported the concept of 
aggregation (micelle formation) of the PPV-b-PS diblock copolymers in solvent mixtures of 






The work presented in this Chapter is covered by the following paper: 
‘Supramolecular self-assembly and opto-electronic properties of semiconducting block 
copolymers’, de Boer, B.; Stalmach, U.; van Hutten, P. F.; Melzer, C.; Krasnikov, V. V.; 
Hadziioannou, G., Polymer, in press, (2001). 
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3.1 Introduction 
 
 PPVs are widely studied for their semiconducting and luminescent properties in the 
solid-state. For the processing of PPVs into thin films, they are modified with solubilizing 
side-chains that allow spin coating and drop casting from common organic solvents, leading 
to uniform, large-area, optical-quality films. The ease of processing polymers compared to 
conventional inorganic semiconductors offers the potential for cost-saving in applications 
that require visible band-gap semiconductors. Despite the advantages and versatility of 
polymer processing for opto-electronic applications, the fundamental physics underlying 
the construction or optimization of practical devices remains poorly understood. One 
controversy concerns the difference of the excited state in solution and in the solid-state. 
When the chains of a conjugated polymer are isolated in dilute solution, it is well accepted 
that photoexcitation creates only one electronic species; the singlet intrachain exciton.1–4 In 
the solid film, however, the polymer chains are in contact and the estimate of the number of 
primary photoexcitations that result in interchain species ranges from almost zero5 to 90 
%.6 The species in solution and solid-state represent the two extreme situations of highly 
diluted chains and close-packed chains, respectively. During processing of conjugated 
polymers, the concentration profile will change from dilute solution to the solid-state and at 
some intermediate state the individual chains will affect each other and interact 
(aggregation). At high concentration or in the solid-state this results in the coexistence of 
intra- and intermolecular excited states. 
 Aggregation in solutions of PPV-derivatives has been observed and the spectroscopic 
characteristics of the more common polymers (MEH-PPV,3,7–10 DOO-PPV11) in various 
solvents as well as of the films produced from them have been quite extensively studied. 
Both temperature and solvent quality dramatically affect the wavelength (photon energy) of 
photoluminescence (PL) and the PL efficiency in solution10–13 and affect the opto-electronic 
properties of the polymer film as well. For example, the luminescence from a solution of 
DOO-PPV in toluene was found to be gradually quenched upon cooling below room 
temperature, which was attributed to a strong reduction in solubility and the concomitant 
formation of aggregates.11 The relative importance of intrachain and interchain 
(intersegment) interactions with respect to electronic excitations in polymer systems is still 
a topic of great interest as well as controversy.10–17 
 In the case of diblock copolymers, the different solubilities of the two blocks in a given 
solvent will undoubtedly lead to a rich phase behavior. In an environment that 
preferentially dissolves one of the blocks, aggregation of the other block is expected to give 
rise to the formation of micelles or even more complex mesophases.18 In the DOO-PPV-
based diblock copolymers described in this study, the PPV blocks could form the core of 
the micelles, and in view of their stiffness and restricted length they might well form 
lyotropic nematic domains in specific solvents. The substitution pattern on the PPV block 
plays an important role in this respect. 
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 The suitability of the block copolymers, described in Chapter 2, for application in 
photovoltaic devices relies, among other things, on the abilities of the respective blocks to 
function as electron donor and acceptor, and as charge transport media. As outlined in 
Chapter 1, the structure and morphology of the solid are crucial factors to both these 
functions. Both local order and morphology of a thin film obtained from a polymer solution 
by means of casting procedures will reflect the chain's microstructure, i.e., its conformation, 
entanglement topology, and the local order of aggregated segments, just prior to 
solidification or vitrification. The solidification process will proceed far from equilibrium 
conditions because of several factors, such as the temperature gradients caused by a rapid 
evaporation of solvent at the film surface, the accompanying concentration gradients and 
diffusive transport, and, in the case of spin-casting, bulk flow patterns. Admittedly, all these 
processes will certainly affect the microstructure during the transition from solution to solid 
film. The essential parameters governing the process may be assessed in first 
approximation, though only with caution, from a study of aggregation and solidification 
behavior as a function of solvent quality and temperature under equilibrium conditions. 
 
3.2 Temperature dependence of UV–vis and 
photoluminescence of semiconducting block copolymers 
 
 Figure 3.1 shows the temperature dependence of the UV–vis absorption and 
photoluminescence of PPV3.6k-b-PS24.8k (2 × 10–1 mg/ml) in chloroform and in carbon 
disulfide (CS2). Clearly, in chloroform, both the absorption and fluorescence spectra do not 
change significantly upon cooling the solution from room temperature to –20 °C, indicating 
that chloroform remains a fairly good solvent for the whole block copolymer chain over 
this temperature range. The slight red shift may be due to a reduction of thermal motions 
such as ring librations and hence a slight increase in conjugation (length). 
 Relative to the spectra in chloroform at the same temperature, the spectra obtained from 
solutions of the block copolymer in CS2 are red-shifted (solvatochromic shift19). The 
temperature dependence of the peak wavelengths is slightly stronger in the latter solvent, 
but qualitatively similar. Since absorption and luminescence curves show equal shifts, these 
spectra are predominantly of single-molecule origin. Chain conformation adjustments as 
well as stabilization of the excited state by dipole rearrangements and induced-dipole 
effects are the likely cause of these thermochromic shifts. The only remarkable feature is 
the emergence of an additional band around 630 nm upon cooling of the solution in CS2. 
Similarly, Hsu et al. found that the solubility of DOO-PPV in toluene solution strongly 
depends on the temperature when cooled below room temperature.11 They attributed the 
appearance of the additional band in the PL spectrum to the formation of interchain 
aggregated states. On the basis of their investigation and our own additional results, 
described in Sections 3.3 and 3.4, we attribute the peak at 630 nm to emission from an 
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aggregated state. Since CS2 dissolves polystyrene rather selectively, especially at lower 
temperatures, it seems reasonable to expect some form of aggregation of the PPV blocks. 
Figure 3.1 UV–vis absorption and photoluminescence spectra of PPV3.6k-b-PS24.8k as 
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3.3 Solvent quality dependence and aggregation of 
semiconducting block copolymers 
 
 Instead of employing different solvents, the quality of the medium can be varied by 
adding a poor solvent to a good solvent. Figure 3.2 shows the results of increasing the 
fraction of acetone, a non-solvent for PPV, in a chloroform/acetone mixture containing 2 × 
10–2 mg/ml PPV-b-PS. Since both these liquids are good solvents for polystyrene, one 
expects a much reduced solubility only for the PPV blocks in such a mixture. For a more 
detailed description, one would have to take preferential solvation into account, but this will 
be neglected in our discussion. 
 
 
Figure 3.2 Normalized UV–vis absorption and photoluminescence spectra of 
PPV3.6k-b-PS24.8k in chloroform, in chloroform/acetone mixtures and as 
cast film. 
 
 The absorption spectra, little detailed as they are, broaden with increasing acetone 
content. While the maximum shifts slightly to the blue, the tail of the red edge moves out 
considerably. A blue shift is also observed for the fluorescence maximum initially at 540 
nm; it moves about 0.07 eV. At higher acetone content, the fluorescence spectra have 
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become more structured, and this is of great help in setting up the simplest model that is 
consistent with our results. The PL maximum and shoulder around 575 nm (2.15 eV) and 
625 nm (1.98 eV) can be easily taken as belonging to the vibronic progression (of 0.17 eV). 
However, we think that such a change in the Frank–Condon envelope is not plausible. It is 
proposed that these emerging features are actually a manifestation of a different species, an 
aggregate formed upon decreasing the solvent quality for the PPV block. This idea is 
supported by the spectrum obtained for the cast film: its PL has maxima at the 
aforementioned energies. Given the level of detail in the PL spectrum from this species, it is 
probably quite well-defined from point of view of structure. The solution PL spectra are 
composites of single-molecule contributions (peaking around 540 nm) and aggregate 
contributions. This corroborates the idea of micelle formation, where such particles are in 
dynamic equilibrium with single molecules (unimers); the concentration of the latter 
remains fixed at the, so-called, critical micelle concentration. While a change in polymer 
concentration will merely change the number ratio between the two species, a change of the 
thermodynamic conditions may affect the structure and size of the micelle (see next 
Section). The PL spectrum of the cast film has contributions from aggregate structures only. 
This does not imply that interchain arrangements are particularly uniform throughout this 
solid film, but ultrafast energy migration will ensure that the lowest-energy sites 
exclusively contribute to the PL. Not so for the absorption spectrum of the film, however, 
which is also broadened with respect to the spectrum from chloroform solution, and quite 
similar to the spectra from the mixed-solvent solutions. An extension on both the blue and 
the red sides of the single-molecule spectrum is attributed to H-type aggregation and 
understood as modeled by Kasha et al.20 Dipole–dipole interactions in the excited state lead 
to a level splitting in which the higher level (blue-shifted) is one-photon allowed and the 
lower level (red-shifted) is one-photon forbidden. Any deviation from the strict H-type 
arrangement, or disorder, introduces a finite transition probability from the ground state to 
the lower-level excited state. This explains the tailing of the red edge of the absorption 
spectra. For the PL, the lower-lying aggregate state is the only relevant state, because of 
ultra-fast internal conversion from the higher state. Note that inhomogeneous broadening 
due to disorder is limited in the solid, as a result of energy diffusion. Since emission from 
the lower state has a low probability in H-type aggregates, it remains very relevant within 
the context of opto-electronic properties to measure the lifetime and quantum efficiency of 
this state,21 to assess the relative importance of the various possible deactivation pathways. 
 We have assessed the photoluminescence decay at 535, 585 and 630 nm upon 
excitation at a wavelength of 465 nm, using a Hamamatsu streak camera. All three 
experimental curves were fitted well with a biexponential law. For each of the three 
wavelengths we found similar time constants (τ1 = 240 ± 40 ps; τ2 = 710 ± 20 ps), and 
approximately equal weights as well. The spectral overlap between the two components 
prevented a more accurate determination of the individual contributions. Further 
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experiments are necessary to resolve these components and to assess whether or not 
additional, weaker components are present. 
 Similarly to the UV–vis absorption and photoluminescence spectroscopy studies 
presented above, the macroinitiator PPV-TIPNO was investigated in solvent mixtures of 
chloroform and acetone (2 × 10–2 mg/ml). The UV–vis spectra demonstrated the same 
broadening at the red edge upon increasing the acetone content and the PL spectra showed 
the appearance of additional PL bands at 590 and 630 nm. For PPV-TIPNO, however, these 
features already appeared after adding 30 volume-% acetone, whereas it required 80 
volume-% acetone to produce appreciable changes in the spectra of the block copolymer 
system. Moreover, the block copolymer (PPV-b-PS) was still soluble for a considerable 
time in a mixture of 10 volume-% chloroform and 90 volume-% acetone, in contrast to the 
PPV-based macroinitiator, which precipitated when more than 40 volume-% acetone was 
added. This difference indicates that selective solubility of the PS block by acetone 
enhances the overall solubility of the block copolymer. 
 In the case of PPV-b-P4VP (synthesis described in Section 2.3.3), similar spectra were 
obtained by using a dilute solution (2 × 10–2 mg/ml) in solvent mixtures of chloroform and 
methanol, where methanol is a selective solvent for the block of poly(4-vinylpyridine). The 
same arguments and reasoning as above hold for these block copolymers. 
 
3.4 Small angle neutron scattering of semiconducting block 
copolymers in solvent mixtures 
 
 For a further characterization of the aggregation behavior of PPV3.6k-b-PS24.8k, small-
angle neutron scattering (SANS) was used to determine the size of the aggregates. The 
experiments were carried out at the pulsed neutron source at ISIS, UK.22 In these 
experiments, mixtures of deuterated chloroform and deuterated acetone were employed to 
vary the solvent quality and we explored the range of 0–50 volume-% acetone. To obtain 
practicable exposure times, a polymer concentration of 2 mg/ml (ca. 0.2 weight-%) was 
used, which is a hundred times as high as that for the spectroscopic measurements. With 
exposure times of 1.5 to 4 hours per sample, the counting statistics are still moderate, 
especially at high CDCl3 content, due to neutron absorption by the chlorine atoms. Figure 
3.3 shows the data evaluated by fitting to model curves calculated by means of the program 
FISH,23 assuming a spherical core–shell particle with an additional transition layer between 
core (PPV part of block copolymer molecules) and shell (PS blocks, swollen). The shell has 
a ramp profile as well (Figure 3.3 inset), which is a simple representation of the decreasing 
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Figure 3.3 Small-angle neutron scattering data (log–log) of PPV3.6k-b-PS24.8k block 
copolymer in CDCl3/acetone-d6 mixtures (symbols) and model fits 
(lines). Inset: density profile for 3-radius spherical-particle model used in 
fitting. 
 
 The results indicate an increase of both rinter and rshell with increasing acetone content, 
suggesting an increase in the number of aggregated chains per micelle. The size of the 
dense core (rcore) is probably around 2.5 nm; it is less well defined by the data, which have a 
usable scattering vector range q = 0.1–1.9 nm–1. An additional measurement of a 0.1 
weight-% polymer solution in the 1:1 solvent mixture yielded dimensions similar to those 
found for the 0.2 weight-% solution, which supports the idea of micelle formation. The 
calculated density contrasts are not entirely consistent yet with the simple picture of solid 
core and swollen shell. The discrepancy between measured data and fit at the smallest 
angles may indicate that a more elongated particle shape24 or polydispersity are the source 
of the deviations. Although the current data do not warrant more detailed modeling, it 
supports the concept of aggregation of the PPV-b-PS diblock copolymers in solvent 
mixtures of chloroform and acetone. 
 All results described in the three previous Sections, are consistent with the formation of 
aggregated species in solution. By changing the solvent temperature or the solvent quality 











  CDCl3/Ac (v/v)    rinter(nm)  rshell(nm)
     50:50        6.5       21.5
     60:40        5.5       18.1
     70:30        4.9       16.6
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aggregated clusters of polymer chains. Both variables (solvent temperature and solvent 
quality) are dramatically changing during casting procedures, due to the rapid evaporation 
of solvent, which, in turn, results in cooling of the solvent and a continuous increase of the 
concentration. Hence, the casting conditions can have a dramatic effect on the morphology 






 UV–vis spectra were recorded on a Perkin–Elmer Lambda 900 spectrometer and 
normalized for clarity. Reduced-temperature UV–vis and photoluminescence spectra were 
recorded under argon by using an Oxford cryostat equipped with four optical windows. 
Temperature dependent photoluminescence spectra were recorded with a Chromex optical 
multi-channel analyzer. A typical integration time of 5000 ms was used. As a source for the 
PL excitation, the Perkin–Elmer Lambda 900 was employed. The spectrometer was set at 
zero wavelength (white light) and a band-pass filter was used to obtain a light beam 
spanning 375–550 nm. The PL spectra were recorded under a 90° angle with respect to the 
incoming light. The obtained data were corrected for the spectral response of the Chromex 
optical multi-channel analyzer. Photoluminescence spectra of diblock copolymers in 
solvent mixtures were recorded on a Perkin–Elmer LS50-B spectrofluorimeter with the 
excitation wavelength at the absorption maximum. The photoluminescence decay at 535, 
585 and 630 nm upon excitation at a wavelength of 465 nm were recorded using a 
Hamamatsu streak camera. All spectra were recorded using a 10 × 10 mm quartz cells. 
SANS data were recorded on the LOQ instrument installed at the pulsed neutron source at 
ISIS (Rutherford Appleton Laboratory), UK.22 It uses time-of-flight detection of neutrons 
covering a wavelength of 0.22–1.0 nm. 
 
Materials and methods 
 Chloroform and acetone for spectroscopy purposes were of UV–vis grade. All solvents 
and deuterated solvents were used as received. For spectroscopy in solvent mixtures, a 
stock solution of polymer of 1 × 10–1 mg/ml in chloroform was prepared. The stock 
solution was diluted first with chloroform and then the appropriate amount of acetone was 
added. The vials were shaken for 30 minutes before spectra were recorded. Thin films were 
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 Chapter 4 
Thermal Properties and Morphology of 





 The thermotropic properties and the morphologies of PPV-based block copolymers are 
identified and described. The corresponding homopolymer, poly(1,4-(2,5-
dioctyloxy)phenylene vinylene), is liquid-crystalline and exhibits thermotropic transitions 
at 55 °C and 185 °C, which are attributed to the melting of the octyloxy side-chains and the 
PPV backbone, respectively. Consequently, the PPV-based block copolymers possess 
complex and rich phase behavior due to the combination of a mesogenic rod-like block and 
a flexible coil-like block. Three thermotropic transitions were identified for each block 
copolymer, namely, the melting temperature of the side-chains, the glass transition 
temperature of the coil block and the melting temperature of the PPV backbone. 
 The microphase-separated morphologies were visualized by atomic force microscopy 
in tapping mode and transmission electron microscopy. Elongated, lamellar-like 
microphases were observed for the PPV-b-PS, PPV-b-P(S-stat-C60MS) and PPV-b-PBA. 
PPV-b-P4VP gave rise to micelle-like particles when cast from a selective solvent  (1,2-
dichlorobenzene) for the PPV block. This suggests that the aggregation of block 
copolymers in solution can be regarded as the germination process for the obtained solid-
state morphology. 
 Two glass transition temperatures were identified for P(PBD-b-3PV), which 
corresponded to the individual blocks. Unfortunately, smooth, good-quality films could not 
be obtained for P(PBD-b-3PV) due to the formation of cracks in films as-cast from solution 





The work presented in this Chapter is partially covered by the following paper: 
‘Supramolecular self-assembly and opto-electronic properties of semiconducting block 
copolymers’, de Boer, B.; Stalmach, U.; van Hutten, P. F.; Melzer, C.; Krasnikov, V. V.; 
Hadziioannou, G., Polymer, in press, (2001). 
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4.1 Introduction 
 
 The main advantage offered by polymers over the traditional semiconductor materials 
is the versatility of processing methods, which allows a polymer film to be obtained in 
virtually any desired shape. Casting as a thin film over a macroscopically large area is very 
well feasible and particularly attractive. Where classical polymer processing could be used, 
the processing cost would be low. For this to become a reality, the parent conjugated 
polymers, which are highly intractable because of their conjugated, inflexible backbone, 
have to be derivatized without degrading their opto-electronic properties. An appropriate 
and well-defined chemical structure is a prerequisite for the control of ultimate properties, 
but it does not end there. The properties and morphology of polymer materials depend 
sensitively on the details of their processing history, and each step has to be carefully 
carried out. It is our objective to reveal the relationships between the self-organization 
behavior of our novel rod–coil block copolymers, the processing steps applied, and the 
morphology of thin films thus produced. Only little theoretical1–4 and experimental5–9 
knowledge regarding the phase morphology was gathered for rod–coil block copolymers so 
far. In many reports, liquid-crystal-forming segments or so-called mesogens form the rod-
like block.10–15 Liquid crystallinity plays a very important role in the microphase separation 
process and leads to morphologies distinctly different from the conventional spheres, 
cylinders and lamellar structures16,17 and includes the arrow-head, zig-zag, and wavy 
lamellae phases.10–13 Block copolymers containing liquid-crystalline segments exhibit 
important thermal transitions, viz., a glass transition temperature for each distinct block, a 
phase transition temperature for the liquid-crystalline block, and the order–disorder 
transition temperature. The mesophase formation in liquid-crystalline block copolymers 
gives rise to an enhanced microphase separation, which is attributed to the geometric 
similarities between the smectic phase of the liquid-crystalline block and the lamellar phase 
of a microphase-separated block copolymer.10,18 
 Stupp and coworkers synthesized a series of well-defined rod–coil block copolymers 
and characterized their microphase-separated morphology.19–23 They demonstrated that 
even low molecular weight rod–coil block copolymers microphase separate in highly 
ordered phases. Their results suggest that the Flory–Huggins interaction parameters (χ) in 
rod–coil block copolymer systems are larger than for conventional coil–coil block 
copolymers due to the strong tendency of the rod block to aggregate. 
 Yu and coworkers synthesized and characterized well-defined rod–coil block 
copolymers based on substituted PPVs and poly(isoprene) (PI),24 poly(methyl 
methacrylate) (PMMA)25 or poly(ethyleneoxide) (PEO).26,27 They found that the PPV-based 
block copolymers possess liquid-crystalline phases which comprise the substituted PPV. 
Yu and coworkers visualized microphase separation by transmission electron microscopy 
for films of PPV-b-PEO and PPV-b-PI. As in the work of Stupp and coworkers, Yu and 
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coworkers used low molecular weight hairy-rod blocks and the microphase separation 
obtained suggests strong mutual interactions of the liquid-crystalline rod blocks. 
 The results presented in the previous Chapter have demonstrated that changes in the 
thermodynamics of the environment result in quite complex and as yet unexplored behavior 
of the rod–coil diblock copolymer chain in solution. There are several clear indications of 
aggregate formation, accompanied by changes in the optical properties. The mesoscopic 
forms of self-organization are likely to be the “nuclei” for solidification. Therefore, the 
morphology of the solid film is directly affected by the processing conditions or solvent 
quality. 
 Thermal treatment of a film of MEH-PPV was found to result in an improvement of the 
device efficiency,28,29 which was attributed to a higher degree of interchain interaction, 
which, in turn, enhances the charge transport.30,31 Perfection of the microstructure is 
generally obtained through annealing, both in homopolymers and in conventional block 
copolymer. Likewise, thermal treatment of films of rod–coil block copolymers results in an 
enhanced ordering of the microphase-separated morphology.24 Obviously, it is crucial to be 
able to interrelate the morphology with the opto-electronic properties since the opto-
electronic functionality that we are ultimately interested in relies critically on a balance 
between intrachain and interchain electronic phenomena. Hence, the morphology of the 
polymer film is of decisive importance for its opto-electronic properties. 
 
4.2 Morphology and properties of main-chain PPV-based block 
copolymers 
 
 The intrinsic structure of the semiconducting block copolymers complicates the 
identification of a clear set of phase morphologies. The stiffness of the PPV block and the 
flexibility of the second block, being polystyrene, poly(4-vinylpyridine) or poly(n-
butylacrylate), can give rise to more complex phase behavior than expected for coil–coil 
block copolymers, as described in the previous Section. PPVs and poly(phenylene 
ethynylene)s (PPE) substituted with alkyl or alkoxy side-chains (so-called hairy rods) are 
known to possess a rich phase behavior themselves.24–26,32–36 Often hairy rods exhibit 
liquid-crystalline mesophases due to a difference in melting temperature of the side-chains 
and the polymer backbone. Thus, additional to the qualification of rod–coil, our rod block 
can be placed into the class of liquid-crystalline hairy rods. Both block copolymers and 
liquid-crystalline polymers are classes of synthetic material that readily undergo self-
organization. By combining both of these components in a single chain, the competition 
between the two self-organization processes may result in new materials with unanticipated 
properties.10,13 In order to interpret the results obtained for our rod–coil block copolymers, 
one should first derive a clear picture for the hairy-rod homopolymer involved, namely 
poly(1,4-(2,5-dioctyloxy)phenylene vinylene). 
 
82   Chapter Four 
4.2.1 Thermotropic properties and morphology of 2,5-dioctyloxy-PPV 
 
 The thermotropic properties of the homopolymer poly(1,4-(2,5-dioctyloxy)phenylene 
vinylene) (DOO-PPV), synthesized via the Siegrist polycondensation as described in 
Section 2.1.2, were investigated, because this provides us with a better understanding of the 
thermal transitions of the block copolymers that occur in the solid-state. The homopolymer 
investigated in this Section was identical to the precursor for PPV-TEMPO (Section 2.1.3) 
and consisted of seven repeat units (Mn = 2.5 × 103 g/mol). Thermogravimetric analysis 
(TGA) shows a decomposition temperature of 380 °C (at 5 weight-% loss) and differential 
scanning calorimetry (DSC) reveals the existence of a liquid-crystalline phase between 55 
°C and 185 °C, of which the lower transition temperature (TK–LC) is attributed to melting of 
the octyloxy side-chains. A 1 weight-% solution of DOO-PPV in 1,2-dichlorobenzene or 
chloroform was cast onto a glass slide and the film was investigated with optical 
microscopy. Figure 4.1 shows the rough texture of the as-cast film. It reveals reddish, 
elongated domains that are randomly distributed in the film. One can determine if the film 
exhibits highly ordered crystalline domains by employing crossed polarizers and investigate 
the birefringence of the domains. Birefringence was not found in the domains of the as-cast 
film. 
 
Figure 4.1 Optical micrograph of the as-cast film of poly(1,4-(2,5-
dioctyloxy)phenylene vinylene) 
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Figure 4.2 Optical micrograph using crossed polarizers of a film of poly(1,4-(2,5-
dioctyloxy)phenylene vinylene) that was cooled from the isotropic melt to 
90 °C. 
 
 Upon cooling, however, from the isotropic melt at 250 °C to 90 °C, a reddish grainy 
texture (or tight texture or polydomain texture) is observed using crossed polarizers (Figure 
4.2). This birefringence texture is commonly observed close to the isotropic–nematic 
transition for polydisperse, high molecular weight specimens in thick samples. The fine 
grains are believed to correspond to regions of uniform orientation bounded by 
disclinations, within nematic structures.37 
The study of the homopolymer DOO-PPV with slightly higher molecular weight, 
which was used for the synthesis of PPV-TIPNO (Section 2.1.4), demonstrates almost 
identical thermotropic behavior. Hence, all block copolymers described in Section 2.3 
consisting of a main-chain PPV moiety, contain a rod-like block that is liquid-crystalline 
between 55 °C and 185 °C in its pure form. This does not imply a priori that the block 
copolymers based on this PPV block will also exhibit liquid-crystalline behavior with the 
same thermotropic transitions, as is demonstrated in the next Section. 
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4.2.2 Thermotropic properties of semiconducting block copolymers 
 
 Based on the results of the previous Section, it is obvious that the semiconducting 
block copolymers described in Section 2.3 can exhibit quite complex phase behavior. 
Because the symmetrically substituted DOO-PPV is liquid-crystalline, block copolymers 
consisting of this PPV block and a coil block will exhibit enhanced microphase separation 
during the minimization of the free energy of the system.13 Generally, the χ parameter is 
much higher for liquid-crystalline block copolymers than for conventional coil–coil block 
copolymers.13,20 This will be advantageous for the microphase-separated structures that we 
intend to achieve (Section 4.2.3). 
 The thermotropic transitions obtained by a combination of DSC and optical 
microscopy, and the decomposition temperature (Tdecomp.) determined by TGA of the 
semiconducting block copolymers are summarized in Table 4.1. 
 
Table 4.1 Transition temperatures for PPV and PPV-based block copolymers. Tg = 
glass transition temperature of coil block, TK–LC = transition temperature 
from crystalline to liquid-crystalline state, TLC–I = transition temperature 
from liquid-crystalline state to isotropic state and Tdecomp.= decomposition 
temperature defined as the temperature at 5 weight-% loss. 
 
 Tg (°C) TK–LC (°C) TLC–I (°C) Tdecomp. (°C) 
PPV – 55 185 380 
PPV-b-PS   95 60 160 370 
PPV-b-P4VP 150 70 190c 330 
PPV-b-PBAa –45 50 170 340 
PPV-b-P(S-stat-CMS)-21b    95 60 160 335 
PPV-b-P(S-stat-C60MS)-21 110 65 160 300 
a : PBA, Tg = –60 °C 
b : P(S-stat-CMS)-21, Tg = 95 °C 
c : Determined by optical microscopy 
 
 Although the glass transition temperature (Tg) depends slightly on the molecular weight 
of the coil block, the values given in Table 4.1 represent typical Tg’s for the semiconducting 
block copolymers described in Chapter 2 with an accuracy of ±5 °C. Tg’s of the 
corresponding homopolymers (PS, 110 °C; PBA, –60 °C; P4VP, 145 °C)38 differ up to 15 
°C. The difference is attributed to the local order and the low molecular weight of the 
semiconducting block copolymers. The statistical copolymer P(S-stat-CMS)-21, however, 
exhibits the same Tg as its corresponding block copolymer. Upon functionalization of PPV-
b-P(S-stat-CMS)-21 with C60, the polymer chain becomes stiffer and, consequently, the Tg 
increases from 95 °C to 110 °C. 
Thermal Properties and Morphology of Films of Semiconducting Block Copolymers  85 
 The crystal-to-liquid crystal transition temperature (TK–LC) is only detected in the first 
heating scan of the DSC analysis. This indicates that the crystallization of the octyloxy 
side-chains is a slow process and depends on the (thermal) history of the sample. The 
temperature of this transition also depends on the Tg of the coil block. With increasing Tg of 
the coil block, the melting of the side-chain shifts towards higher temperatures, due to the 
relatively higher stiffness of their local environment. Illustrative of this phenomenon is 
PPV-b-PBA, which exhibits a Tg of –45 °C. Its very low Tg results in soft and flexible 
microdomains, which allows the octyloxy side-chains to melt at lower temperatures. Vice 
versa, the corresponding homopolymer of PBA shows a Tg of –60 °C and the higher Tg of 
the block copolymer (–45 °C, Table 4.1) suggests the presence of PPV blocks between the 
domains. All other block copolymers exhibit Tg’s above the side-chain melting temperature 
and, consequently, the TK–LC shifts to higher values compared to the transition temperature 
of the PPV homopolymer. This is attributed to the glassy environment (coil block) of the 
PPV block. 
 Due to the polydispersity of the PPV block, one does not observe a clear melting 
temperature of the PPV backbone with DSC, but merely a continuous increase of the 
endothermic heat flow above a certain temperature. Hence, the onset of the increased heat 
flow is taken as the liquid crystal-to-isotropic transition temperature (TLC–I) of the PPV 
backbone. PPV-b-P4VP demonstrated a continuous increase of the heat flow (by DSC) 
directly above its glass transition temperature. Probably, the broad glass transition of the 
coil block at a temperature (150 °C) that is close to the melting temperature of the PPV 
backbone masks the onset of the liquid crystal-to-isotropic transition temperature. Its 
melting temperature was therefore determined by optical microcopy, which resulted in a 
slightly higher TLC–I than one would obtain with DSC. 
 DSC analyses demonstrate that all block copolymers exhibit distinct transition 
temperatures for both blocks, which indicates the formation of microphases. If the blocks 
had formed a homogeneous mixture, only one transition would be observed, namely, from 
the glassy state to the liquid state. 
 Drop-casting of a 1 weight-% solution of PPV-b-PS, PPV-b-P4VP and PPV-b-PBA in 
chloroform onto glass slides and subsequent slow evaporation of the solvent resulted in a 
thick film that demonstrated birefringence when imaged by optical microscopy using 
crossed polarizers (Figure 4.3 top). All block copolymers gave rise to similar grainy 
textures as the homopolymer poly(1,4-(2,5-dioctyloxy)phenylene vinylene) (Figure 4.2). 
Upon heating to the isotropic melt, PPV-b-PBA started to dewet the surface at 180 °C, 
which resulted in small cracks in the film. PPV-b-PS and PPV-b-P4VP liquefied above 
their liquid crystal-to-isotropic transition temperature, but dewetting was not observed. 
Cooling of the molten block copolymers resulted in the appearance of liquid crystallinity at 
temperatures that were 20–30 °C below the melting temperatures of the PPV backbone. 
Generally, cooling from the melt gave rise to a more highly ordered morphology than 
observed in the as-cast films (Figure 4.3 bottom). 
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Figure 4.3 Optical micrograph using crossed polarizers of PPV-b-P4VP as cast 
(top) and after cooling from the melt and annealing for 1 hour at 150 °C 
(bottom). 
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 In Figure 4.3 (bottom), an optical micrograph (crossed polarizers) of PPV-b-P4VP 
visualizes the typical liquid-crystalline texture at room temperature that was obtained when 
the sample was cooled from the isotropic melt down to 150 °C and annealed at 150 °C for 1 
hour and before cooling to room temperature. This treatment resulted in larger liquid-
crystalline domains (Figure 4.3 bottom) than found in the as-cast film (Figure 4.3 top). 
 Drop-casting of very diluted block copolymer solutions (0.1 weight-%) followed by 
rapid evaporation of the solvent, did not give rise to birefringence or crystalline domains in 
the cast film. This is attributed to the fast solidification process, which suppresses the long-
range order in the polymer films. The microphases can be ordered locally on a length scale 
of several tens of nanometers (see AFM images next Section), but on a large scale (bulk), 
the films appear to be isotropic due to the overall random orientation of small domains. 
Because the resolution of optical microscopy is limited to the wavelength of light, one 
cannot reveal the local order in these films with this technique. To image the local order or 
microphase separation, one has to utilize microscopy techniques like atomic force 
microscopy (AFM) or transmission electron microscopy (TEM). 
 
4.2.3 Morphologies of semiconducting block copolymers 
 
 AFM can be used in two different modes, namely scanning mode (SM) and tapping 
mode (TM).39,40 In scanning mode a surface height profile of a cast sample can be obtained, 
as is demonstrated in Chapters 6 and 7. This mode does not reveal any microphase 
separation.  In tapping mode, however, one can distinguish hard domains from softer 
domains by probing the indentation of the AFM tip into the polymeric surface. Our block 
copolymers consist of a relatively hard rod block (especially in its crystalline state) and a 
softer coil block. Therefore, AFM-TM can provide a phase contrast between the rod and the 
coil phase and reveal the local order in a cast film of the rod–coil block copolymers. 
 TEM is a very powerful tool for resolving nanometer-sized features in thin film. TEM 
is based on the scattering of the incoming electrons by the electron clouds of the polymer 
chains (electron density). The incoming electrons can be transmitted (bright phase) or 
scattered (dark phase). For organic or polymeric thin films, however, the electron density 
contrast between two phases is normally very low due to the small difference of the 
electron densities of the atoms that predominate in organic material (C, O, N). 
Consequently, the contrast between two polymeric phases is hardly visible and staining of 
one of the phases has to be applied. Staining is a chemical reaction between inorganic 
molecules with heavy atoms, i.e., high electron densities (OsO4, RuO4) and a specific 
chemical moiety in the polymer. In order to stain only one phase of a microphase-separated 
block copolymer film, the staining agent has to be very selective, otherwise both phases 
will be stained and a contrast cannot be obtained. 
 Figure 4.4 shows the AFM-TM image of thin films (70–80 nm) of PPV-b-PS and PPV-
b-P(S-stat-C60MS) spin-cast from 1,2-dichlorobenzene (or chloroform) on mica. 1,2-
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Dichlorobenzene and chloroform are good solvent for all blocks and hardly result in self-
organization of the block copolymers in solution. The phase contrast profile is 10 degrees 
for both images and the topography images demonstrated that the films have a surface 
roughness of 3 nm. AFM-TM clearly reveals microphase separation of the semiconducting 
block copolymer films. The film exhibits a microphase-separated morphology but long-
range ordering could not be obtained. 
  
 
Figure 4.4 AFM-TM images of PPV-b-PS and PPV-b-P(S-stat-C60MS) on mica. 
Scanned area: 400 × 400 nm. 
 
 Both PPV-b-PS and PPV-b-P(S-stat-C60MS) give rise to similar microphase ordering. 
AFM-TM imaging reveals elongated domains of a fairly uniform thickness of 
approximately 15 nm. This size is compatible with a double-layer of the PPV blocks. The 
AFM images do not resemble traditional images of highly ordered phase-separated coil–
coil block copolymers. This is probably due to the rod-like character of the PPV block, as 
described in Section 4.1 or due to the low molecular weight of these block copolymers, 
which puts them into the weak segregation regime of the phase diagram. 
 In Chapter 3 it was demonstrated that the use of a mixture of a good solvent for both 
blocks and a selective solvent for one of the blocks resulted in aggregation of the block 
copolymer in that solvent mixture. Furthermore, we proposed that the formation of 
aggregates in solution is reflected in the ultimate solid-state morphology of the film thus 
produced. However, using solvent mixtures as casting media will result in a non-
proportional evaporation of the two solvents, in which the solvent that exhibits a lower 
boiling point and a higher vapor pressure will evaporate more rapidly. Consequently, a 
solvent composition change will occur during the evaporation process. To circumvent this 
detrimental effect, one has to dissolve the block copolymer in a single selective solvent and 
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not in a mixture of solvents. Fortunately, 1,2-dichlorobenzene (ODCB) is a good solvent 
for PPV and a very poor solvent for P4VP. When the block copolymer PPV-b-P4VP was 
spin-cast onto mica from ODCB, spherical domains were observed (Figure 4.5). The left 
image shows the topography of a single layer of micelle-like particle (aggregates) with a 
diameter of 50–100 nm on the mica surface. Because ODCB is a very poor solvent for 
P4VP, the formation of micelles is attributed to the selective solubility of the PPV block in 
ODCB, resulting in spherical particles with a core of P4VP and a shell of PPV. The self-
organization presumably occurs already in solution during the evaporation after casting. 
Consequently, the accompanied concentration increase beyond the critical micelle 
concentration results in micelle formation and is reflected as spherical aggregates in the 
solid film. 
 The right image in Figure 4.5 was obtained by scanning a thicker spin-cast film (~200 
nm) and reveals multiple layers of micelle-like particles with the same dimensions (50–100 
nm) as obtained for a single layer of spherical particles. Clearly, the solvent quality for 
processing PPV-based block copolymers strongly affects the phase morphology of the cast 
films. Ultimately the morphology determines the opto-electronic properties and 
performance of the material in the device configuration. The strong influence of the solvent 
used for casting on the final performance of PVDs was recently demonstrated by Shaheen 
et al. for a blend of derivatized C60 and PPV.41 
 
 
Figure 4.5 AFM images (topography) of a thin film (left, 100 nm) and a thicker film 
(right, 200 nm) of PPV-b-P4VP on mica. 
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 Unfortunately, none of the block copolymers based on PPV and styrene (or its 
derivatives) would provide enough contrast to image the morphology with TEM. Selective 
staining of the blocks was attempted, but failed. 
 PPV-b-PBA, however, did provide enough contrast for TEM to image the morphology. 
A film was cast on a glass slide from a 0.2 weight-% PPV-b-PBA solution in CHCl3. After 
drying, the thin film was floated off on distilled water and picked up on a Cu grid. The 
polymer film was annealed for 1 hour at 130 °C. Staining of this sample was not necessary, 
because a slight overfocusing provided enough contrast. TEM studies on this drop-cast film 
revealed elongated domains of a fairly uniform thickness of approximately 10–15 nm 
(Figure 4.6). This size is compatible with a double-layer of the PPV blocks. 
 
Figure 4.6 Bright field electron micrograph of PPV-b-PBA revealing the elongated 
domains of the microphase-separated morphology. The bright field 
electron micrograph was taken slightly overfocused to enhance the 
contrast. 
 
 Similar to the AFM-TM images of PPV-b-PS and PPV-b-P(S-stat-C60MS), the bright 
field electron micrograph does not resemble traditional images of highly ordered phase-
separated coil–coil block copolymers. As described above, this is attributed to the rod–coil 
character of the block copolymers. Furthermore, due to the low molecular weight of our 
block copolymers, the system may be in the weak segregation regime of the phase diagram, 
resulting in a less ordered microphase separation. 
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4.3 Morphology and properties of pendant-oligo(p-phenylene 
vinylene)-based block copolymers 
 
 DSC analysis of the diblock copolymer P(PBD-b-3PV) clearly showed two Tg’s, 
originating from the PPBD (150 °C) and P3PV (195 °C) blocks, respectively. The first Tg 
of the block copolymer agrees well with the Tg of the homopolymer PPBD (150 °C). The 
second Tg, however, is different from that of the homopolymer P3PV (Tg at 175°C), which 
can be explained by the fact that we compare an ordered and confined microphase to a 
homogeneous homopolymer phase. Moreover, the homopolymer (P3PV) measured had a 
much lower molecular weight than the P3PV block of the block copolymer. The presence 
of two distinct Tg’s in the diblock copolymer indicates phase separation in the material. The 
blend of PPBD and P3PV was found to show a very broad Tg, which is a superposition of 
the glass transition temperatures of incompletely segregated homopolymer and substantial 
composition fluctuations (heterogeneity) across the sample. Casting of P(PBD-b-3PV) from 
chloroform onto glass did not result in smooth films, but rather in cracked films with 
domains of a few hundred micrometer. Upon increasing the temperature, the film liquefied  
(250 °C) and dewetted the glass substrate. When, after heating to 300 °C, the film was 
cooled down to 150 °C at 10 °C/min, a solid film with holes, due to dewetting, was 
obtained. Decreasing the temperature below 150 °C resulted in the formation of cracks and 
in a break-up of the film similarly to the solution-cast film (Figure 4.7). 
Figure 4.7 A cracked film of P(PBD-b-3PV) imaged by optical microscopy after 
heating to the melt and subsequent cooling to 20 °C. 
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 Even though two distinct glass transition temperatures were obtained by DSC analysis, 
indicating microphase separation, a microphase-separated morphology could not be 





 Optical microscopy was performed on a Zeiss Axiophot microscope equipped with a 
high-resolution CCD-camera (Sony DKC 5000), which was connected to a frame grabber 
and a personal computer for image processing. Heating of the polymer films was done in a 
Mettler FP82HT optical hot stage with a Mettler FP90 controller. Thermogravimetric 
analyses were carried out with a Perkin–Elmer TGA7 at a heating rate of 10 °C/min under a 
nitrogen atmosphere. Differential scanning calorimetry analyses were obtained by using a 
Perkin–Elmer DSC-7 that was calibrated with indium. Transmission electron microscopy 
images were recorded on a Jeol 1200 EX electron microscope operating at 100 kV. Atomic 
force microscopy (AFM) images were obtained in tapping mode or scanning mode on a 
Digital Nanoscope III. 
 
Materials and methods 
 The synthesis of all block copolymers investigated is described in Chapter 2. Solvents 
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 Chapter 5 







 The covalent incorporation of C60 into one block of a poly(1,4-(2,5-
dioctyloxy)phenylene vinylene)-based diblock copolymer resulted in a donor–acceptor 
diblock copolymer, which demonstrated a very efficient electron transfer upon excitation of 
the PPV block. The strong quenching of the photoluminescence from the PPV block 
indicated an efficient electron transfer at the donor–acceptor interface. 
 Photovoltaic devices based on thin films of donor and acceptor moieties, either a blend 
of donor and acceptor homopolymers or a donor–acceptor block copolymer, were prepared 
by sandwiching the photo-active polymer film between two dissimilar electrodes. The 
donor–acceptor block copolymer demonstrated a superior photovoltaic response over the 
blend of the two constituent homopolymers, which is attributed to the smaller length scale 
of the phase separation in the block copolymer film. This increases the donor–acceptor 
interface area relative to that of the blend and promotes the formation of continuous 
pathways for both holes and electrons. 
 UV–vis and photoluminescence spectroscopy on films of P(PBD-b-3PV) demonstrated 
a very efficient quenching of the photoluminescences (~100 %) of PPBD upon excitation at 
the absorption maximum of PPBD, indicating a very efficient energy transfer. Improvement 
of the film-forming properties of this block copolymer could result in an effective material 




The work presented in this Chapter is partially covered by the following paper: 
‘Supramolecular self-assembly and opto-electronic properties of semiconducting block 
copolymers’, de Boer, B.; Stalmach, U.; van Hutten, P. F.; Melzer, C.; Krasnikov, V. V.; 
Hadziioannou, G., Polymer, in press, (2001). 
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5.1 Introduction 
 
 The work described in this Chapter focuses on the opto-electronic characterization of 
polymers for application in photovoltaic cells,1,2 which are either light sensor 
(photodetector) or energy conversion (solar cell) devices. Our emphasis will be on the latter 
application; in that arena, a well-performing organic material would have to compete with 
amorphous silicon with regard to energy conversion efficiency (around 10% for amorphous 
Si)3,4 and fabrication costs. The potential of the polymer clearly lies in the promise of large-
area, mechanically flexible, active coatings fabricated by inexpensive processing 
techniques.1 
 A first requirement for a photovoltaic material is photoconductivity, i.e., that charges 
are generated upon illumination. Subsequently then, these charges must drift (move in an 
electric field) towards electrodes for collection. In an organic molecular material, 
photoexcitation does not directly yield free charge carriers. Due to the low dielectric 
constant of organics, an electron in the excited state is bound to its vacancy (hole) quite 
strongly, the binding energy being several tenths of an electronvolt.5 This bound electron–
hole pair is called an exciton. Escape from the Coulomb attraction is promoted by offering 
an energetically favorable pathway to an electron-accepting molecule. This is the donor–
acceptor (D–A) concept, which is commonly applied to organic photovoltaic materials6–9 
Dissociation of the exciton, via rapid electron transfer (< 200 fs in MEH-PPV/C60 
systems),10,11 leaves a positively charged donor molecule and a negatively charged acceptor 
molecule. These are radical cation and radical anion species, respectively, stabilized by 
charge delocalization within their conjugated systems and by polarization of their 
environment. Exciton dissociation occurs at the interface between donor and acceptor 
species, a configuration that is called the D–A heterojunction. Although it is not a priori 
evident what the nature of this interface should be in terms of scale and geometry, 
optimization within the D–A concept is likely to imply that this interface be made large and 
easily accessible for the excitons generated.12,13 Since excitons have a finite lifetime, they 
have a finite diffusion range as well; hence, the requirement of accessibility naturally leads 
to constraints for the geometry of the interface. A spatially distributed interface with a 
correlation length of 10 nm would be compatible with the evolution of the exciton: the 
exciton would have a higher probability of reaching the interface and dissociate than to 
decay in another way, e.g., radiatively. After dissociation, the charges must be further 
separated and transported each through its own phase so as to avoid recombination before 
the electrode is reached. 
 It is not obvious how to impose such a nanometer-size and convoluted interface 
geometry on the mixture of donor and acceptor compounds: they would probably either mix 
molecularly or phase separate into nearly pure components. This is exactly the point at 
which block copolymers may provide the answer, because of their ability to self-structure 
into regular and ordered microphases.14–16 The simplest concept would be a photovoltaic 
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diblock copolymer consisting of a block with donor functionality linked to a block with 
acceptor properties. The electronic functions could be either in the main chain of the blocks 
or in substituents. Microphase separation would produce a suitable geometry at the proper 
scale that could be fine-tuned via the lengths of the blocks. In this context, cylindrical and 
bicontinuous interpenetrating morphologies are the most appropriate ones. 
 For the application in photovoltaic cells, the combination of a poly(p-phenylene 
vinylene)-type polymer or oligomer as the donor material with C60 as the acceptor has 
proven promising.17–20 While PPVs are fairly good hole conductors, electron transport is 
poorer, which limits the performance in applications in which PPV is the sole active 
component. In the two-phase D–A concept for the active layer, as outlined above, this 
problem is alleviated, since the acceptor transports the electrons. Upon irradiation of a 
PPV/C60 photovoltaic device, an exciton is created in the PPV phase, which is followed by 
a very rapid electron transfer21 to the C60 phase (photoinduced electron transfer).22–24 Since 
all other known competing relaxation processes in conjugated polymers occur on time 
scales that are orders of magnitude larger, this ultra-fast charge transfer must have a 
quantum efficiency of approximately unity, i.e., nearly all excitons that are created near the 
donor–acceptor junction are transferred to the C60 phase. Despite the high electron transfer 
efficiency, the power conversion efficiency of polymer/fullerene-based photovoltaic 
devices is typically still in the range of one percent due to the low mobility of holes in the 
conjugated polymer phase and electrons in the fullerene phase (as a result of a non-
continuous path, a high trap density, recombination, etc), which results in an inefficient 
collection of charges at the electrodes.25 Recently, AM1.5 power conversion efficiencies of 
2.5–3 % were reported for mixtures of substituted PPV and C60 solution-processed from 
chlorobenzene.2,26  
 By covalently incorporating C60 into a polymer, materials that combine the physical 
properties of fullerene with the processability of polymers are obtained27,28 and higher 
quantities of the acceptor can be accommodated in a finely dispersed form than would be 
possible for pristine C60. Prime examples of such combinations are the oligo(phenylene 
vinylenes)/C60 dyads,29–32 poly(p-phenylene ethynylene vinylene) with pendant 
fullerenes33,34 and polythiophene/C60 triads,35–37 which can be used as model compound for 
the polymer-based systems described in this Chapter. 
 
5.2 Photovoltaic devices based on donor–acceptor block 
copolymers 
 
 The incorporation of C60 moieties into one block of a diblock copolymer, as described 
in Section 2.3.2, was aimed at satisfying two requirements for efficient operation as a 
photovoltaic material: (1) creating an accessible donor–acceptor interface at which 
dissociation of excitons into separate charge carriers is promoted, thus reducing the 
probability of decay along other routes, of which luminescence is one; (2) providing 
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separate pathways for transport of holes (via PPV) and electrons (via C60), thus reducing the 
recombination probability. A reduction of the photoluminescence yield relative to the non-
functionalized diblock copolymer is a first indication that an effective donor–acceptor 
interface has been created by incorporating the electron acceptor C60. Figure 5.1 shows the 
photoluminescence (PL) dynamics of films of PPV-b-P(S-stat-CMS)-21 and PPV-b-P(S-
stat-C60MS)-21. The films were excited at 446 nm and probed at the photoluminescence 
maxima. Whereas PPV-b-P(S-stat-CMS)-21 exhibits long-lived PL extending into the 
nanosecond range, the PL decay time of the donor–acceptor block copolymer falls within 
the time resolution of our set-up (50 ps). With C60 incorporated, the PL intensity is reduced 
by three orders of magnitude. These results are taken as evidence for an efficient, very rapid 
electron transfer from the donor block (PPV) to the acceptor (C60). Both films exhibit 




Figure 5.1 Photoluminescence decay curves of spin-cast films of PPV-b-P(S-stat-
CMS)-21 (––––) and PPV-b-P(S-stat-C60MS)-21 (- - - -), and the 
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 As discussed above, the performance of a photovoltaic material is very sensitive to its 
morphology. In an ideal situation, when the morphologies are optimized in terms of exciton 
dissociation and charge transport, the photovoltaic performance of a donor–acceptor blend 
should be as good as that of the block copolymer based on the same donor and acceptor. 
The absence of any control over the phase separation in a blend, however, is likely to result 
in discontinuities of the donor and/or acceptor phases, because of the formation of isolated 
domains. In the case of the D–A block copolymer, even in the absence of any control, the 
length scale of phase separation will be much smaller. This increases the D–A interface 
relative to that of the blend and promotes the formation of continuous pathways for charges. 
Therefore, one should observe an enhancement of the photovoltaic response upon going 
from a blend of donor and acceptor homopolymers to the D–A block copolymer. In either 
system, mixing of donor and acceptor at the molecular scale may introduce increased 
energy level disorder in both phases, which results in an increase of the charge trap density 
and in a reduction of the electron and/or hole mobility. 
 Photovoltaic cells were fabricated by spin-casting a 1 weight-% solution of polymer 
onto a poly(ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) layer (70 nm) 
on ITO-covered glass substrates, resulting in a film thickness of approximately 100 nm (see 
Figure 5.3). A 1:1 molar ratio blend of PPV homopolymer (seven repeat units) and a 
statistical copolymer P(S-stat-C60MS)-21 (with a S:C60MS molar ratio of 2:1, Mn = 17 
kg/mol) was compared with a block copolymer PPV-b-P(S-stat-C60MS)-21 (Chapter 2).38 
Both blend and block copolymer contain the same amount of C60 and PPV to ensure that a 
direct comparison is meaningful. On top of the spin-cast films, a 100 nm thick aluminum 
electrode was vapor-deposited to complete the sandwich-structured cell. The current versus 
voltage (I–V) curves of devices constructed from the blend and the block copolymer under 
monochromatic illumination of 1 mW/cm2 at 458 nm with an active area of 20 mm2 are 
plotted in Figure 5.2. It clearly demonstrates the superior response of the donor–acceptor 
block copolymer over the blend of the two constituent homopolymers. Characteristic 
parameters such as open-circuit voltage (Uoc), short-circuit current (Isc) and sensitivity (S) 
are much better for the device based on the block copolymer. Unfortunately, films based on 
the block copolymer as well as on the blend demonstrate a quite low fill factor (FF), which 
is a measure for the maximum power that can be extracted from the cells.  
 Based on a simple model of the metal–insulator–metal (MIM) diode and assuming both 
contacts to be neutral, one would expect the saturated open-circuit voltage to be 
approximately equal to the difference of the workfunctions of the two electrodes. Unlike 
the value of the Al workfunction, which is well accepted to be 4.3 eV, the value for a 
standard PEDOT/PSS layer is uncertain; according to published results, it is around 5.2 
eV.39,40 Therefore, the measured open-circuit voltages correspond to the MIM model 
prediction. Although both blend and block copolymer show almost complete quenching of 
the fluorescence in the solid-state, the obtained collection efficiencies (a ratio of collected 
electrons and absorbed photons) are significantly smaller than unity. This could be 
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attributed to several processes among which the following two seem to be the most 
important ones. Firstly, exciton dissociation upon photoexcitation could be neither the only 
nor the main energy deactivation pathway. Energy transfer could compete with the 
dissociation, or the charge separation might not be effective. Secondly, the trap densities for 
electron and/or hole transport may be very high, resulting in a significant space-charge 
field. A verification of the exact mechanism requires an additional study on the electronic 
structure, charge transport and photophysics of the blend and the block copolymer. 
 
Figure 5.2 Photovoltaic response of a PPV-b-P(S-stat-C60MS)-21 donor–acceptor 
block copolymer (B) compared with a blend of donor homopolymer and 
acceptor polymer (A) under monochromatic illumination of 458 nm. Uoc: 
open-circuit voltage; Jsc: short-circuit current density; S: sensitivity; FF: 
fill factor. The fill factor is defined as the maximum electrical power 
(IV)max that can be extracted from a photovoltaic diode divided by the 
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A      0.40         0.15           0.2        0.28
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 Morphological investigations with scanning electron microscopy (SEM) of the two 
photovoltaic devices revealed a clear difference of the domains formed in the photoactive 
layer (Figure 5.3). SEM-images of the blend of the PPV homopolymer and a statistical 
copolymer P(S-stat-C60MS)-21 display distinct macrophase-separated domains (Figure 5.3 
top), whereas spin-casting of the PPV-b-P(S-stat-C60MS)-21 block copolymer solution 
resulted in a finely dispersed structure (Figure 5.3 bottom). 
 The smaller domains and, therefore, larger D–A interface in the block copolymer film 
is held responsible for the improved photovoltaic response (Figure 5.2). Due to the finite 
diffusion length of the exciton, charge separation is more efficient in the block copolymer 
film than in the film with a macrophase-separated morphology. 
 
 
Figure 5.3 Scanning electron microscopy images of the cross-sections of the 
photovoltaic devices based on a blend of the PPV homopolymer and a 
statistical copolymer P(S-stat-C60MS)-21 (top) and PPV-b-P(S-stat-
C60MS)-21 block copolymer (bottom). 
 
 The results presented above, obtained on materials that still leave ample room for 
optimization as far as microstructure is concerned, seem to validate our strategy towards 
composite materials for photovoltaic applications, as outlined in Section 5.1. 
 
5.3 Photophysical properties of P(PBD-b-3PV) 
 
 As demonstrated in Chapter 4, drop-casting of P(PBD-b-3PV) resulted in cracked films 
that were unsuitable for the use in a device configuration. Despite the poor quality of the as-
cast films, their properties were characterized by UV–vis and photoluminescence 
spectroscopy. Figure 5.4 displays the normalized UV–vis and PL-spectra of both 
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homopolymers PPBD and P3PV, the blend of PPBD/P3PV and the block copolymer 
P(PBD-b-3PV) cast onto glass slides from a 1 weight-% solution in chloroform. The UV–
vis spectra of the films show a small bathochromic shift to the red compared to the solution 
spectra, which is commonly observed for PPVs and is attributed to the change in dielectric 
constant. The UV–vis spectra of the blend and the block copolymer display a small 
shoulder at the red edge, which is attributed to the 3PV moiety, which possesses a lower 
absorption coefficient than PPBD. In contrast with the PL-spectra in solution, the solid-
state PL-spectra demonstrate a very efficient photoluminescence quenching (~100 %) of 
PPBD upon excitation at the absorption maximum of PPBD (330 nm), which is indicative 
for an efficient energy transfer from PPBD to P3PV. The photoluminescence quenching can 
be only partially attributed to self-absorption of the light emitted by PPBD, since the cast 




Figure 5.4 Normalized UV–vis and photoluminescence spectra of thin films of 
PPBD, P3PV, a blend of PPBD/P3PV and the block copolymer P(PBD-
b-3PV). 
 



























 Blend PPBD + P3PV
 P(PBD-b-3PV)
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 Taking into account the good electron-transporting properties of PBD and hole-
transporting properties of P3PV together with the high luminescence quantum efficiency of 
P3PV, one expects the combination of P3PV and PPBD to be an effective material for 
LEDs, provided that efficient electron-hole annihilation will occur and provided that the 
mobility, compared to the homopolymers, in both block of the block copolymer is not 
affected by the other block. In order to test this hypothesis, the film-forming properties of 
the block copolymer should be improved before the opto-electronic characterization in a 





 UV–vis spectra were recorded on a Perkin–Elmer Lambda 900 spectrometer. 
Photoluminescence spectra were recorded on a Perkin–Elmer LS50-B spectrofluorimeter 
with the excitation wavelength at 330 nm. Photoluminescence lifetime measurements were 
obtained with a Hamamatsu C5680 streak camera attached to a Chromex 0.25 m 
spectrograph, and using the second harmonic of a Ti:Sapphire laser equipped with a pulse 
picker for excitation (λ = 446 nm). The photovoltaic response of the devices was measured 
under monochromatic illumination of 458 nm generated by an argon-ion laser (Spectra–
Physics Beamlok 2060). Current–voltage curves were measured on a Keithley 236 under 
dynamic vacuum better than 10–6 torr in a vacuum cells equipped with quartz windows. 
 
Materials and methods 
 Synthesis of the polymers investigated is described in Chapter 2. All solvents were of 
UV–vis grade. Films for spectrometry were cast from chloroform or 1,2-dichlorobenzene 
onto glass slides. PEDOT/PSS was spin-cast on ITO-covered glass substrates and pre-dried 
at 60 °C until a vacuum of 10–5 mbar was reached. Then the temperature was increased till 
160 °C under dynamic vacuum and the sample was allowed to cool down again. 
Photovoltaic cells were fabricated by spin-casting a 1 weight-% solution of polymer onto a 
poly(ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) layer (70 nm) on ITO-
covered glass substrates, resulting in a film thickness of approximately 100 nm. On top of 
the spin-cast polymer films, a 100 nm thick aluminum electrode was vapor-deposited to 
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 Chapter 6 
Microporous Honeycomb-Structured Films 







 The formation of highly ordered honeycomb structures upon drop-casting a solution of 
PPV-b-PS in CS2 is described. Drop-casting from a chloroform solution did not result in 
microporous honeycomb-structured films, which suggests that the viscosity change 
accompanying the aggregation in solution (Chapter 3) may play an essential part in the 
honeycomb self-structuring phenomenon. The morphology of the honeycomb structure was 
characterized by AFM, SEM, fluorescence and optical microscopy. It consists of a two-
dimensional array of spherical cavities with a diameter of 3–5 µm in a polymer film. This 
polymer film has an open structure showing holes with a diameter of 2–3 µm at the surface. 
This open structure was subsequently used as a template for the formation of a two-










The work presented in this Chapter is covered by the following papers: 
’Microporous Honeycomb-Structured Films of Semiconducting Block Copolymers and 
Their Use as Patterned Templates’, de Boer, B.; Stalmach, U.; Nijland, H.; Hadziioannou, 
G., Adv. Mater., 12, 1581–1583 (2000). 
‘Synthesis and Self-Organization of PPV-based Block Copolymers for Photonic 
Applications’, de Boer, B.; Stalmach, U.; Melzer, C.; Hadziioannou, G., Synth. Met., 121, 
1541–1542 (2001). 
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6.1 Introduction 
 
 Our spectroscopic studies showed that PPV-b-PS exhibits a completely different 
behavior in CS2 than in chloroform (Chapter 3). The differences in the chain conformation 
in solution are reflected in distinct morphologies of the polymer films. When the PPV-
based block copolymers are cast from chloroform or 1,2-dichlorobenzene, the resulting film 
exhibits a microphase-separated morphology but no higher-level structuring (Chapter 4). 
Both PPV-b-PS and PPV-b-P(S-stat-C60MS) give rise to similar microphases. 
 On the other hand, it was observed recently that rod–coil block copolymers and 
amphiphiles, cast as thin films onto solid substrates from appropriate solvents, e.g. CS2, 
spontaneously form highly ordered, microporous honeycomb structures with a 
characteristic length scale.1–19 Ever since the first observations of this phenomenon by 
Widawski et al.,1 researchers have proposed mechanisms for the formation of the 
honeycomb structures, but none of them were able to elucidate the complete mechanism 
and to describe this phenomenon theoretically. Based on these reports, it is evident that 
condensation of water on the evaporating block copolymer solution is necessary. It is less 
clear if the water condenses as droplets or as a thin film that sets in some kind of instability, 
which, in turn, results in a highly ordered hexagonal packing of water droplets. The 
majority of the polymers that result in the honeycomb-structured films can be categorized 
as rod–coil block copolymers and comprise a flexible styrene coil.1–4,6–9,14,17 The other 
category responsible for the formation of microporous films is based on amphiphilic 
polymers10–13,15,16,18,19 or a combination of amphiphilic molecules and polymers.5,11,12 
 In addition to the formation of microporous films from rod–coil diblock copolymers, 
Jenekhe and Chen demonstrated that their conjugated coil–rod–coil triblock copolymers 
spontaneously self-assemble into micellar aggregates and spherical vesicles.20,21 Their 
results underline that we just started to scratch the surface of the intriguing field of rod–
coil-based block copolymers and the fascinating results obtained so far demonstrate that 
this line of research is well worth pursuing. 
 The highly ordered microporous films, with pore sizes in the order of micrometers, find 
applications in photonic22–27 and opto-electronic devices,28 catalysis, thermal insulation 
materials29 and membranes.30 Usually, for the preparation of micro-porous materials, 
colloidal particles are used as templates, which have to be removed afterwards by solvent 
extraction or other tedious techniques. The formation of the microporous films described in 
this Chapter, however, is completed in less than a five minutes. This clearly demonstrates 
the advantage of using rod–coil block copolymers for the preparation of honeycomb-
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6.2 Honeycomb formation in semiconducting block copolymer 
films 
 
 Upon drop-casting a 0.1 weight-% solution of PPV-b-PS in CS2 onto a glass slide in a 
flow-hood, we observed the condensation of water on the surface of the liquid film. After 
complete evaporation of the solvent, the samples were investigated by optical and 
fluorescence microscopy, revealing a highly ordered, two-dimensional hexagonal, close-
packed air hole structure in the polymer film, shown in Figure 6.1. In optical transmission 
(left), the bright spots correspond to the cavities, which transmit the light completely. The 
fluorescence microscopy (right) reveals the honeycomb structure, indicating that the 
fluorescent block (PPV) is homogeneously distributed in the solid film. 
 A top view of the film with scanning electron microscopy (SEM) clearly displays the 
open surface structure of the polymer film with hole diameters of 2–3 µm (Figure 6.1, left 
inset). The SEM-imaging of the cross-section of the free-standing film revealed the 
presence of spherical cavities with a diameter of 3–5 µm (Figure 6.1, right inset). The SEM 
images of the cross-section also show that the cavities in the polymer film are mutually 
connected. However, it is not clear whether the mutual connections are created during the 
preparation of the film for SEM-imaging, or whether their occurrence is an intrinsic 
phenomenon in the formation of the polymer film. 
 
 
Figure 6.1 Optical (left) and fluorescence (right) microscopy images of the two-
dimensional hexagonal, air hole structure in the polymer film. Inset: 
Scanning electron microscopy images of the top surface (left) and of the 
cross-section (right). 
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 We believe that the cavity pattern originates from the presence of water droplets, which 
at one stage form a two-dimensional (2-D) uniform array.13 The water condensation on the 
thin film of polymer solution and the subsequent water droplet formation, due to surface 
instabilities like Rayleigh–Bénard,31 Marangoni32 or Bénard,33 which constitutes the 
template for the honeycomb formation, is the result of the cooling of the film surface during 
the evaporation of carbon disulfide. During the evaporation process, the surface reaches a 
minimum temperature of –6 °C, as measured with an infrared thermometer. When CS2 has 
evaporated completely, the water droplets have become immobilized in the polymer film 
(see Section 6.4 for microscopy observations of this process). The sample then warms up, 
resulting in the expansion and subsequent evaporation of the encapsulated water droplets, 
after blistering the very thin top layer of the polymer film. This blistering process leaves 
behind a volcano-like structure at the polymer surface, as revealed with atomic force 
microscopy (AFM) (Figure 6.2, left inset). 
 These remarkable structures have also been obtained for the donor–acceptor block 
copolymer PPV-b-P(S-stat-C60MS)-21 (Figure 6.2, right).34 To obtain a reasonable 
fluorescence microscopy image, an exposure time of one second had to be used. For the 
fluorescence microscopy image of PPV-b-PS (Figure 6.2, left), a typical exposure time of 8 
milliseconds is required. 
 
 
Figure 6.2 Fluorescence microscopy images of PPV-b-PS (left) and PPV-b-P(S-stat-
C60MS) (right) obtained with exposure times of 8 milliseconds and 1 
second, respectively. Left inset: AFM image (10 × 10 µm) of the surface 
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 Obviously, the quenching of the fluorescence is very efficient, about three orders of 
magnitude, for the donor–acceptor block copolymer, which implies a very efficient electron 
transfer from the donor to the acceptor. Furthermore, a highly ordered structure of this type 
can be utilized to trap solar light into the polymer layer by diffraction and guide the 
incident light into the polymer film, thus increasing the conversion efficiency of 
photovoltaic cells.35 The spherical cavities will also decrease the reflection of non-
perpendicular incoming light in photovoltaic devices. Forcing an elastomeric mold with a 
patterned grating on a thin polymeric film proved this concept.35 Using the spontaneously 
formed honeycomb structures would eliminate the additional processing step. 
 Surprisingly, we found that the highly ordered honeycomb structure cannot be obtained 
via drop-casting from chloroform. One of the differences with a solution in CS2 is that in 
the latter, aggregates may be formed at the lower temperatures reached during solvent 
evaporation, as indicated by our studies on solution behavior described in Chapter 3. 
Because of the viscosity change accompanying it, aggregation in solution may play an 
essential part in the honeycomb self-structuring phenomenon. 
 The formation of this ‘macro-crystal’ of spherical pores also gives rise to classical 
grain boundaries and point dislocations (Figure 6.2, 1st quadrant). Nishikawa et al. 
demonstrated the use of honeycomb-patterned films of amphiphilic polymers as cell culture 
substrates.15,16 The potential applications for the honeycomb-structured film, however, are 
enormous and range from membranes to photonic crystals. For both applications one should 
be able to predetermine and control the cavity size. Unfortunately, the process(es) leading 
to these remarkable structures is (are) not completely known and only speculative 
mechanisms were reported (References 1–19). A simple and straightforward application for 
the microporous films is their use as templates for microdot patterns on substrates. This is 
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6.3 Templating with microporous films 
 
 By the vapor-deposition of metals or organics on the honeycomb polymer film 
(template), a very regular pattern of functional hexagonally ordered dots could be prepared. 
As the polymer film should be washed away after the deposition process, one is restricted 
to materials that are insoluble in the same solvent as the templating polymer matrix. 
 In short, the processing steps in creating a regular pattern of e.g. aluminum are as 
follows. First, the honeycomb structure is exposed to blue light (475–495 nm) for 10 
minutes, whereby only the exposed surface of the polymer matrix (λabs,max = 470 nm) is 
photo-crosslinked. The photo-crosslinking is probably due to repeated 
photocyclodimerization of the vinyl bonds in the PPV-block.36,37 During the exposure, one 
observes a change in fluorescence from yellow to green, indicating a decrease of the 
conjugation length. Subsequently, a 40 nm layer of aluminum is vapor-deposited onto the 
polymeric honeycomb structure. After removing the aluminum-coated top layer with 
Scotch™-tape and washing away the unexposed polymer layer with chloroform, a 
hexagonally packed array of aluminum cups with a depth of ~160 nm remains on the 
surface (Figure 6.3). SEM shows the incomplete removal of the aluminum-coated top layer 
to demonstrate the difference between the initial honeycomb structure and open structure 
after the peeling process (Figure 6.3E). The aluminum cups are bowl-like disks with a 
diameter of 3.5 µm and a height of 200 nm at the edges and 40 nm in the center of the cups. 
The shape of the cups is obviously due to the spherical shape of the cavities in the 
honeycomb structure. The process results in roughly 6.5 × 106 cups of aluminum per square 
centimeter. It constitutes a rapid and easy method for preparing patterned electrodes or 
photolithography masks with relatively large features compared to modern techniques like 
e-beam lithography. Figure 6.3 displays a schematic representation, and optical 
transmission, fluorescence microscopy, AFM and SEM images taken after each of the 
processing steps in the preparation of aluminum cups on a glass surface. Furthermore it 
displays the complementary optical transmission and fluorescence microscopy images of 
the ScotchTM-tape used in the peeling process. 
 The application of a honeycomb-structured film as a 2-D photonic crystal requires a 
high refractive index (~2–3)38,39 of the solid phase. The vapor-deposition of aluminum 
demonstrates that the cavities of the honeycomb-structured film can be (partially) filled 
with materials that exhibit a higher dielectric constant than the polymer film. This provides 
a simple and easy method for the preparation of an ordered system with a hexagonal pattern 
of the refractive index modulation that can be employed for photonic crystals. 
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Figure 6.3 Schematic representation, optical transmission microscopy, AFM, 
fluorescence microscopy and SEM images after the processing steps in 
the preparation of aluminum cups on glass starting from a honeycomb-
structured film: (A) initial honeycomb structure, (B) photo-oxidation of 
the exposed surface, (C) vapor-deposition of aluminum, (D) removal of 
the top layer with Scotch™-tape, (E) structure obtained after removing 
the aluminum-coated top layer, (F) washing of unexposed polymer matrix 
with chloroform, and (G) final structure of hexagonally packed aluminum 
cups. 




 Solutions of 0.1 weight-% of PPV-b-PS block copolymer in CS2 were drop-cast on 
cleaned substrates (glass slides, freshly cleaved mica for AFM, quartz, etc) in a flow-hood. 
The surface temperature was measured with an Optex thermo-hunter HR-1 FS infrared 
thermometer at a distance of 10 cm. Optical transmission and fluorescence microscopy 
were performed on a Zeiss Axiophot microscope equipped with a high-resolution CCD-
camera (Sony DKC 5000), which was connected to a frame grabber and a personal 
computer for image processing. Prior to imaging by scanning electron microscopy, the 
samples were coated with 3 nm Pt/Pd (80/20). SEM images were recorded using a JEOL 
6320F field emission microscope working at 2 kV and a beam current of 1× 10–10 A. Free-
standing films were obtained by ultrasonically agitating the cast film and collecting the 
floating film from the water surface. Atomic force microscopy (AFM) images were 
recorded with a Topometrix Discoverer TMX 2010, equipped with Si3N4 tips. Topographic 
images were taken in air at a force of about 10 nN in contact mode. 
 The optical transmission experiments described below used a white-light source and a 
577 nm interference filter. The intensity was recorded with silicon photodiode connected to 
a computer. The experiments were performed under argon by using an Oxford cryostat 
equipped with four optical windows. 
 
Observations during casting of 0.1 weight-% of PPV-b-PS in CS2  
 Immediately after drop-casting the 0.1 weight-% PPV-b-PS/CS2 solution, the 
temperature of the surface drops to 0–5 °C due to the heat of evaporation of CS2. After a 
few seconds, a turbid top-layer on the polymer solution is observed (Figure 6.4), which is 
attributed to water droplets floating on the polymer solution. The nucleation mechanism for 
the formation of water droplets is not clear. It was proposed12 that the smooth and uniform 
surface provided by the liquid polymer solution starts the nucleation process simultaneously 
at various places. We proposed that the nucleation resulted from a surface instability of a 
thin water film that enhances certain wavelengths, whereas shorter and longer wavelengths 
are cancelled out.14 Consequently, the nuclei for the water droplet formation will be 
uniformly spaced and will have a narrow size distribution. Once the nuclei are formed, a 
slow growth of the water droplets leads to monodisperse, micrometer-sized water droplets. 
The growth of the water droplets was investigated by light scattering experiments in 
References 9 and 12 and demonstrated an increase from 1.7 µm after 10 seconds to 3.3 µm 
at the end of the experiment. The water droplets are stabilized against coalescence by the 
precipitation of polymer at the CS2–water interface, forming a thin polymer layer around 
each droplet.7 The precipitation of the polymer at the CS2–water interface may result from 
an effective flow of CS2 into the water droplets (solubility of CS2 in water is 2.1 g/l), 
thereby dragging the polymer along to the interface. Casting of pure CS2 under the same 
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conditions resulted in immediate coalescence of water droplets, a broad size distribution 




Figure 6.4 Schematic representation of the observations made after casting of a 0.1 
weight-% PPV-b-PS / CS2 solution onto a solid substrate. 
 
 Due to convection of the mobile, evaporating CS2, the water droplets move and arrange 
themselves into a hexagonal arrangement. These hexagonally packed water droplets are 
stable and slowly grow during the evaporation process. The surface tension and the 
capillary forces keep the water droplets in their hexagonal arrangement. The continuing 
evaporation of CS2 results in cooling of the surface down to –6 °C and in a vastly 
increasing concentration of the block copolymer. Consequently, the viscosity of the block 
copolymer solution increases, due to either a sol–gel transition40–42 or the demixing of the 
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block copolymer solution, which crosses the binodal boundary of the phase diagram.41 This 
increased viscosity fixes the water droplets in the polymer/CS2 matrix. Obviously, the free 
surface for CS2 to evaporate is reduced and the surface temperature will slowly increase. At 
this point, it is crucial that the water droplets do not coalesce and that the remaining solvent 
evaporates rapidly. If this delicate balance is present, the hexagonal packing is maintained 
and the microporous film is obtained after the water has evaporated. If the temperature of 
the film increases too fast before all solvent has evaporated, the water droplets expand, the 
thin polymer layer around the water droplets breaks and the water droplets coalesce, 
resulting in an irregular porous film. The process of honeycomb formation is schematically 
depicted in Figure 6.4. 
 The sol–gel transition or demixing of the block copolymer, which was proposed above 
in order to explain the increasing viscosity during the casting experiments was confirmed 
by measuring the optical transmission (in a closed quartz cell) of the block copolymer 
solution in CS2 as a function of the temperature and the concentration. In Figure 6.5 the 
optical transmission is plotted as a function of the temperature at certain concentrations of 
the PPV-b-PS block copolymer in CS2. The molar extinction coefficients were calculated as 
a function of the temperature at low polymer concentrations (0.1 weight-%) and 
demonstrated that the sharp decrease of the transmission at 1.0 and 2.0 weight-% block 
copolymer solutions could not be attributed to the temperature dependence of the extinction 
coefficient. Furthermore, upon decreasing the temperature, an increase of the scattering 
intensity at 90° angle was observed, which is indicative for a non-uniform solution 
(demixing or sol–gel transition). During the casting experiments that will ultimately result 
in the honeycomb-structured films, the temperature decreases down to –6 °C and 
simultaneously the concentration increases far above the initial 0.1 weight-%. According to 
the experimental results depicted in Figure 6.5, the block copolymer solution will 
experience a transition from a uniform solution to a turbid, demixed state. This transition is 
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Figure 6.5 Transmission intensities as a function of the temperature for 0.25 (––––), 
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 To modify the surface properties of inorganic materials, we successfully covalently 
attached a stable monolayer, with high grafting density, of N,N-
(diethyl)dithiocarbamoylbenzyl(trimethoxy)silane on the surface of silicon wafers and glass 
substrates, thereby creating a surface-grafted photoinitiator for “living” free radical 
photopolymerization. The surface-grafted initiators were utilized for the controlled growth 
of homopolymers and block copolymers from the surface of inorganic substrates. By using 
“living” free radical polymerizations, we were able to control the length of the grafted 
polymer chains and therefore the layer thickness up to ~100 nm. The increase in layer 
thickness after photopolymerization was directly measured by SFM using silicon wafers 
patterned with chromium. Furthermore, the samples were characterized by contact angle 
measurements, XPS, transmission IR, SEM, and TEM. The photopolymerizations of 
styrene and MMA monomers were used to demonstrate the surface-initiated “living” free 
radical photopolymerization representing a polymerization method in a “confined two-
dimensional space”. This is supported by (a) the linear increase of the polymer layer 
thickness, (b) the reinitiation of the photopolymerization after interruption of the process, 
(c) the occurrence of block copolymerization after switching from styrene to a methyl 
methacrylate monomer, and (d) the formation of a well-defined homopolymer monolayer or 
block copolymer bilayer. This method provides a novel approach to chemically modifying 
the surfaces between the active polymer and the electrodes in opto-electronic devices like 
polymer-based light-emitting diodes and photovoltaic cells. 
 
 
The work presented in this Chapter is covered by the following paper: 
’“Living” Free Radical Photopolymerization Initiated from Surface-Grafted Iniferter 
Monolayers’, de Boer, B.; Simon, H. K.; Werts, M. P. L.; van der Vegte, E. W.; 
Hadziioannou, G., Macromolecules, 33, 349–356 (2000). 
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7.1 Surface modifications using “living” free radical 
polymerization 
 
 Modification of surfaces of solid (in)organic materials is often utilized to change 
properties such as (bio)compatibility, wetting, adhesion, friction or the workfunctions of 
electrodes. Modifications with polymer layers are recognized to play an important role, 
especially in microelectronics, printing, coating, food packaging, biomedical, and aerospace 
applications. Engineering surfaces at a molecular level gained interest during the 1990s, 
because this can lead to well-defined surfaces with better macroscopic properties than those 
obtained by coating the surface with a thin (functional) polymer film. Coating of surfaces 
by irreversible grafting of a stable, preformed polymer1 or by selective adsorption of a 
diblock copolymer2,3 leads, in general, to nonuniform thin films and poor surface coverage, 
due to the formation of so-called islands and mushrooms on the surface.2,3 Other frequently 
used methods such as polyelectrolyte deposition, plasma deposition, and polymerization 
within a Langmuir–Blodgett (LB) film suffer from the same disadvantages. Furthermore, 
these techniques do not completely control the growth of stable polymer films at the 
nanoscale level, which is required for most of the applications. 
 To overcome this, direct initiation of a polymer chain from a surface can be applied, 
which is expected to lead to higher surface grafting densities, because monomers can more 
easily diffuse toward the reactive center, whereas grafting or selective adsorption of 
polymers is limited by steric and entropic forces. 
 As discussed in Section 1.4, the interfaces in PLEDs and photovoltaic devices between 
the active polymer and the electrodes play a very important role. The work functions of the 
electrodes are determined by the chemical composition of the surface. Therefore, the 
modification of the surfaces of the electrodes should be controlled by means of a method to 
chemically modify the interface between inorganic material and the active polymer. The 
chemical modifications of inorganic surface by initiators, and the “living” free radical 
polymerization from surface-grafted initiators are the subjects of this Chapter. 
 
7.2 Chemical modification of surfaces with silane-terminated 
iniferter and subsequent photopolymerization 
 
 The autoassociation process has been used for covalently attaching a monolayer with 
high grafting densities on a surface. Examples of this are alkanethiols, which are known to 
form very stable monolayers on gold,4 and alkoxysilanes, which are used to modify solid 
surfaces such as glass, silicon wafers, quartz, and mica. At these surfaces, the alkoxysilane 
group is converted to a stable poly(siloxane) layer by coupling with the free hydroxyl 
groups on the surface. 
 To initiate a polymerization from the surface, the autoassociating molecule had to be 
modified with an initiator group. In most cases, conventional radical initiating species5,6 or 
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ionic moieties7 are introduced on the surface. For the polymerization of block copolymers 
and for controlling the molecular weight, and thus layer thickness as well as the 
composition, one is restricted to using the “living” polymerization technique. 
 Advanced “living” free radical polymerization methods allow the synthesis of a wide 
variety of macromolecules with monomers that cannot be polymerized with the traditional 
cationic and anionic living polymerizations.7,8 The photoiniferter technique explored by 
Otsu et al.9 in the early 1980s is used in this Chapter to chemically modify the surface. This 
surface-initiated “living” free radical polymerization technique allows easier preparation 
and handling of the samples,10 and allows one to characterize the surface between two 
subsequent polymerizations. 
 Just recently, three papers on controlled radical polymerization initiated by a surface-
grafted initiator appeared.10–12 In the latter two papers, the authors used atom transfer 
radical polymerization (ATRP) to control the molecular weight and thereby the layer 
thickness. A disadvantage of this method is the presence of inorganic salts at the surface, 
which would require further purification steps. The first paper, by Husseman and co-
workers, deals with TEMPO-functionalized chlorosilanes for the modification of the 
surface. The authors obtained an accurate control of molecular weight (or layer thickness), 
and were able to polymerize sequentially different monomers to obtain block copolymers, 
which is one of the ultimate goals in this field of research. 
 Other groups13–15 used grafted iniferters on the surface of silica gel, which resulted in 
difficulties regarding the characterization of the initiator monolayer formed and of the 
thickness of the polymer layer on the surface. Kobayashi and co-workers14,15 grafted N,N-
(diethylamino)dithiocarbamoylpropyl(trimethoxy)silane on a glass surface and initiated the 
photopolymerization of sodium styrenesulfonate from the surface, but a controlled radical 
polymerization could not be obtained, which corresponds to results found in the literature.16 
Nakayama, Matsuda and co-workers used thin polymeric films partially derivatized with 
N,N-diethyldithiocarbamate groups and characterized the different grafted polymer layers 
with scanning force microscopy (SFM);17–21 in this case the growing polymer chain is not 
directly bound to the (inorganic) substrate. The authors were able to obtain a patterned 
surface by applying a striped projection mask, which is an advantage of 
photopolymerizations. 
 In our work, the surface was initially modified with thiol-functionalized iniferters, 
since thiol-terminated molecules are known to form thermally stable bound monolayers on 
a gold surface,22 and moreover these molecules can undergo chemical modification in such 
a layer similar to the reactions in solution.23 Unfortunately, the thiol–gold bond proved to 
be unstable toward UV irradiation,24 and hence organosilane-terminated iniferters were 
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Scheme 7.1 Synthesis of SBDC (25) and monolayer formation on solid substrates. 
 
 The synthesis of N,N-(diethyl)dithiocarbamoylbenzyl(trimethoxy)silane (SBDC, 25) by 
the coupling of p-(chloromethyl)phenyltrimethoxysilane and sodium N,N-
diethyldithiocarbamate (STC) and the formation of the SBDC monolayer on silicon wafers 
(or glass) is depicted in Scheme 7.1. The monolayer formation was investigated by 
measuring the contact angles of the clean and modified substrate (Table 7.1). Silicon wafers 
have typical water contact angles around 10°;25 when the Si surface is cleaned with organic 
solvents, however, slightly higher contact angles of 16° are obtained. The SBDC-modified 
Si surface shows a considerable hydrophobic effect, resulting in a high contact angle of 80° 
± 5°. 
 
Table 7.1 Advancing contact angles of water in air for cleaned and modified Si 
wafers. 
 
Surface Measd angle (deg) Lit. values 25(deg) 
Cleaned Si wafer 16 ± 2 10−20 
Si wafer modified with SBDC 80 ± 5 -- 
Si wafer with surface-grafted 
homopolymer PS (15 hours) 
 
87 ± 3 
 
87 
Si wafer with surface-grafted block 
copolymer PS-b-PMMA (15 hours) 
 



























































Surface Modifications by Chemically Grafted Initiators  125 
 Further investigations of the SBDC-modified surfaces were done by XPS. In Figure 7.1 
the XPS spectrum for the SBDC monolayer on a silicon wafer (Figure 7.1 (B)) is given, 
together with a reference spectrum of cleaned silicon (Figure 7.1 (A)). The strong silicon 
peaks of the substrate overlap with the sulfur peak of SBDC, and a small nitrogen peak (at 
400 eV) is observed. Also, the carbon peak at 285 eV has increased, indicating the presence 
of the SBDC moiety. The ratio of the carbon and nitrogen peak areas is roughly in 
accordance with that expected on the basis of the molar ratio between these atoms in the 
SDBC monolayer. 
 
Figure 7.1 XPS spectra of A) a cleaned silicon wafer and B) a silicon wafer modified 
with the SBDC monolayer. 
 
 The iniferter monolayers were used for the surface-initiated photopolymerizations of 
styrene (S) and methyl methacrylate (MMA) into homopolymers and block copolymers. 
The “living” free radical polymerization of styrene and methyl methacrylate at the SBDC- 
modified Si surface yielded grafted polystyrene (Si–PS) and poly(methyl methacrylate) 
(Si–PMMA) layers, respectively, on the Si surface. 
 The value for the contact angle of the polystyrene surface is in good agreement with the 
value found in the literature,25 while the PMMA angle was found to be about 10° lower in 
most cases. The reason for this difference is not clear, but one has to consider that the 
literature values are determined on surfaces of PMMA bulk samples. In our case, however, 
we have a grafted PMMA layer with initiator end-groups. Also, large differences in contact 
angles may originate from inhomogeneities in the very thin grafted polymer layer. 
 As expected, the contact angle measurements demonstrate that both polymer layers are 
hydrophobic. The acrylate groups of PMMA result in a significantly lower contact angle 
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than PS (Table 7.1), enough to distinguish between a polystyrene layer and a poly(methyl 
methacrylate) layer. Thus, the contact angle measurements can be used to follow the growth 
of polymer bilayers upon reinitiation of the polymerization with a second monomer. The 
contact angle measurements, before and after the initiation of the second monomer, show 
qualitative changes in hydrophobicity in the same order as found upon switching from a 
polystyrene to a poly(methyl methacrylate) surface. The merely qualitative nature of the 
contact angle measurements prevents an unambiguous characterization of the surface-
initiated polymer layers. Hence, transmission IR spectroscopy (TIR) was used to confirm 
the results of the grafted polystyrene on silicon. The wafers were about 1 × 1 cm2 and 1 mm 
thick. The spectra are depicted in Figure 7.2. For each measurement 1000 scans were made. 
Water peaks were subtracted by using a reference spectrum. The first sample was measured 
directly after deposition of the iniferter monolayer. The other two samples were measured 
after photopolymerization of styrene for 4 and 10 hours, respectively. The 
photopolymerized polystyrene samples show the typical peaks for polystyrene surfaces, as 
can be seen from the reference spectrum (bottom). The increasing intensity of the signals 
after longer polymerization time is attributed to the growth of polystyrene chains from the 
surface. 
Figure 7.2 Transmission infrared spectra of Si wafers with SBDC monolayer (top), 
after photopolymerization of styrene for 4 hours (second), 10 hours 
(third), and a polystyrene reference (bottom). 
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 To directly observe these growing layers, extensive SFM studies of the polymer and 
copolymer layers initiated from the surface-grafted SBDC iniferter have been performed. 
To follow the thickness increase of the growing polymer layer, we employed a patterned 
glass or silicon wafer surface with chromium lines, made by photolithography. Chromium 
is not sensitive toward oxidation under these conditions, and the SBDC initiator monolayer 
is not grafting onto this metal. Only the uncovered silicon surface between the lines is 
coated with SBDC. This method has been used before by Fujihara et al.26 to prepare 
controlled regions of fluorinated silane monolayers. 
 The height differences, measured with SFM, between the chromium and the substrate 
were used for determining directly the polymer layer thickness during photopolymerization. 
If the initiator SBDC monolayer, deposited between the chromium lines, initiates a “living” 
free radical polymerization, the layer thickness would increase linearly with polymerization 
time. After each time step of photopolymerization the samples were sonicated and rinsed 
thoroughly to ensure that no adhesion of nongrafted polymers would occur. We like to 
emphasize here that homopolymer, which might be produced due to side reactions,27,28 will 
be removed by the vigorous cleaning procedure. In Figure 7.3, topographic images, cross-
sections and the schematic representations of typical growing homopolymer and block 
copolymer layers for a photopolymerization in various time steps are shown. The chromium 
lines are 155 ± 0.5 nm high and 0.4 µm wide. The space between the lines is 0.6 µm, 
ensuring an asymmetry in the pattern and facilitating the observation of the growing 
polymer layer. The scanned area is 10 × 10 µm. At least three scans at different places were 
taken for each measurement to confirm the results. The topographic images in Figure 7.3 
depict five different stages in the polymerization process. The first image (Figure 7.3A) is 
the clean sample from which the starting height differences were determined. After 
deposition of the initiator SBDC monolayer (Figure 7.3B), no change in the height 
differences was observed. This was expected, since the layer thickness of a SBDC is ~1 
nm, which is just beyond the resolution of the SFM in the particular experimental 
conditions. Moreover, larger changes in the height differences at this stage would point to 
polysiloxane, formed in solution from the (trimethoxy)silanes, that is adhering to the 
surface, or to the formation of SBDC multilayers. Obviously, such adverse effects are not 
present. 
 After exposing the sample to UV irradiation in a styrene solution for 5 hours, the 
expected change in height difference was observed (Figure 7.3C). The growing chains fill 
the gaps between the lines to a height of 25 ± 5 nm, which is the thickness of the polymer 
layer that has been formed. When the same sample was used again for subsequent 
polymerization of styrene for 10 hours, the layer thickness increased to 104 ± 5 nm (Figure 
7.3D). Finally, the formation of a diblock copolymer was explored using MMA as the 
monomer for the second block. The sample, with a polystyrene layer grown for 15 hours in 
total, was exposed to UV irradiation for another 10 hours in MMA solution (Figure 7.3E). 
This yielded an inverse image: the block copolymer had exceeded the thickness of the 
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chromium lines (155 nm), and the total thickness of the block copolymer layer had become 
270 ± 5 nm. 
 
 
Figure 7.3 Topographic images, SFM scan lines and schematic cross-sectional 
representation of glass slides with chromium patterns and the formation 
of the polymer and copolymer layer: A) cleaned sample, B) sample 
modified with SBDC, C) after photopolymerization of styrene for 5 hours, 
D) after photopolymerization of styrene for 15 hours, and E) after 
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 To verify that polymer did not grow or overflow on the chromium strips of the 
patterned surface, we used the SFM in the tapping mode configuration. Figure 7.4 (left) 
displays a clean chromium-lined sample where the glass and chromium surfaces are 
comparable in hardness. The thin strips at the edges of the lines are due to topographic 
effects. 
The image on the right shows the relative hardness after monolayer deposition and 
15 hours of styrene photopolymerization. Here, the contrast between hard (bright) and soft 
(dark) areas is obvious, indicating the formation of the polystyrene layer only outside the 
chromium lines. Similar results have been obtained in the block copolymer case. 
 
 
Figure 7.4 SFM images of the relative hardness of the surface of a clean, chromium-
patterned sample (left) and the same sample after grafting SBDC and 
subsequent photopolymerization of styrene for 15 hours (right). 
 
 The continued growth of the polymer layer when the sample is again irradiated by UV 
light after an interruption is the first proof of the “living” character of the surface-initiated 
photopolymerization. Further proof of the “living” character of the photopolymerization is 
the fact that the consecutive use of two different monomers results in the formation of a 
diblock copolymer layer. However, the photolysis of the dithiocarbamate end group and 
other side reactions in the MMA polymerization are known to play an important role in 
solution photopolymerizations.27–29 In our case, however, due to the “confined two-
dimensional” character of the photopolymerization, the efficiency may be improved and 
side reactions limited, due to the high grafting density. It is possible that the surface-
initiated “living” photopolymerization proceeds in a more efficient way and with fewer side 
reactions than solution polymerizations. In fact, if during the polymerization of the first 
monomer, styrene, homopolymer is produced, its inclusion in the grafted polymer layer 
would be energetically unfavorable due to the entropy loss, and it will be washed out in the 
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cleaning process. If during the polymerization of the second monomer, methyl 
methacrylate, block copolymer was not formed, then no further increase in the layer 
thickness would be observed. Homopolymer PMMA, if formed, would not be compatible 
with the grafted polystyrene layer due to unfavorable enthalpic and entropic factors. If, 
however, both grafted block copolymer and homopolymer are formed, the surfactant effect 
of the grafted block copolymer will be very inefficient. Consequently, the homopolymer 
PMMA is not dissolved into the grafted block copolymer layer and will be removed in the 
cleaning process. The observed thickness increase after the polymerization of the second 
monomer is therefore due to the formation of the block copolymer. Furthermore, if in all 
cases above homopolymers would have been produced and subsequently removed, this 
would have resulted in a sublinear increase of the layer thickness. On the contrary, a linear 
increase in the layer thickness has been observed (Figure 7.5). 
Figure 7.5 Layer thickness versus photopolymerization time for styrene initiated by 
grafted SBDC on patterned Si wafers. 
 
 The same methodology as above (measuring layer thicknesses with SFM) was also 
used to determine the growth of the polymer layer with time. Several samples 
corresponding to increasing photopolymerization times were measured. The results are 
shown in Figure 7.5 and demonstrate a linear relation between the increase of the layer 
thickness, averaged over at least 20 spots per sample, and the polymerization time. 
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 The large error bars are due to the fact that the layer thickness is not only determined 
by the polymer chain length but also by the grafting density of the initiator, a parameter 
which is difficult to control with accuracy. As a consequence, there is a large variation of 
the layer thicknesses from sample to sample. The continuous increase, however, in layer 
thickness, as represented by the line fitted with linear regression, is the result of linear 
growth of the polymer chains from the surface, as expected with “living” polymerizations 
in general. 
 Viewing a cross-section of a sample with a surface-grafted polymer layer by means of 
electron microscopy will further complement the insights into the characteristics of our 
polymerization with surface-grafted iniferter initiators. For this, a scanning electron 
microscope (SEM) was used. The monolayer was prepared on a Si wafer, and 
photopolymerization of MMA for 15 hours and subsequently styrene for another 15 hours 
was performed. The wafer was then broken, and the edges of the pieces were investigated 
with SEM (Figure 7.6). 
 
 
Figure 7.6 SEM image of PMMA-b-PS block copolymer grafted on a silicon surface. 
 
 Here, a polymer layer of about 100 nm thick is clearly visible as the light-gray band in 
the middle. The dark-gray area on the right is the silicon substrate, while the thin white line 
at the left edge of the polymer layer is due to scattering of the electron beam. This thickness 
is in agreement with the results obtained with the SFM measurements. 
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 With the use of TEM the formation of block copolymer was unambiguously confirmed. 
In Figure 7.7, a TEM image after 15 hours of styrene and 15 hours of MMA 
photopolymerization is shown. TEM samples were prepared by using small disks (diameter 
ca. 0.8 cm) of a cross-linked epoxy resin (EPON), which were covered with 40 nm of 
silicon via evaporation with an electron beam. The epoxy resinous substrate used in this 
method, coated with a thin silicon film, could be treated in the same way as normal Si 
wafers. At the surface of this layer, the iniferter (SBDC) from which the copolymerization 
was performed was grafted. After staining with OsO4 for 19 hours, two distinct layers 




Figure 7.7 TEM image of block copolymer layer of PS-b-PMMA grafted on a silicon 
surface (stained for 19 hours with OsO4). 
 
 As OsO4 stains PMMA more selectively, the upper layer is PMMA, as expected. The 
fact that the top layer is thin is due mainly to its depolymerization by the electron beam. 
Thus, direct evidence for the formation of a block copolymer layer on the surface is 
obtained. The confirmation of the existence of the block copolymer layer with TEM 
imaging demonstrates in an elegant way our initial objective of initiating a “living” free 
radical polymerization from a surface, producing thus, in a controlled manner, grafted thin 
homopolymer and block copolymer layers. 
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 This “living” free radical polymerization, initiated from a surface-grafted monolayer of 
an iniferter initiator, demonstrates new ways to modify the properties of substrate surfaces 
and to create polymer monolayers and block copolymer bilayers. In this method, one can 
exactly control the metal/polymer interface, and the layer thickness arising from that 
monolayer. Combining this approach with monomers, consisting of conjugated side-chains 
connected to a polymerizable end-group (Chapter 2.4), might indeed result in extensive 
control of the growing polymer film from the electrode. This technique opens new routes 
toward functional surfaces/interfaces, and modified surfaces/interfaces for better 






 1H-NMR spectra were recorded on a Varian Gemini-300 spectrometer with internal 
lock on the 2H-signal of the solvent. Transmission IR spectra were recorded on a Mattson 
IR spectrometer. X-ray photoelectron spectroscopy (XPS) spectra were recorded on a 
Surface Science SSX-100, using MgKα excitation, and contact angles were measured on a 
home-built apparatus30 as advancing water contact angles. TEM pictures of 80 nm thick 
cross-sections, which were deposited on a TEM grid, were taken using a JEOL EM 1200-
EX microscope working at 100 kV. Scanning electron microscopy pictures were taken 
using a JEOL 6320F field emission microscope. Scanning force microscopy images were 
recorded with a Topometrix Discoverer TMX 2010, equipped with a Si3N4 tip. Topographic 
images were taken in air at a force of about 10 nN in contact mode. 
 
Materials and methods 
 p-(Chloromethyl)phenyltrimethoxysilane (ABCR), ethanol, chloroform (Labscan), and 
dichloromethane (Aldrich) were used as received. Prior to use, sodium N,N-
diethyldithiocarbamate (Aldrich) was recrystallized from methanol, THF was distilled from 
potassium, and toluene was distilled from sodium/benzophenone. Water was deionized 
(18.2 MΩ·cm resistivity) with a Millipore Milli-Q filtration system. Styrene (Acros) and 
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N,N-(diethyl)dithiocarbamoylbenzyl(trimethoxy)silane (25) 
(p-Chloromethyl)phenyltrimethoxysilane (1.48 g, 6 mmol) and sodium N,N-
diethyldithiocarbamate (STC) (1.02 g, 6 mmol) were each dissolved separately in 10 ml of 
dry THF. The STC solution was added slowly via a syringe. The solution was stirred for 3 
hours at room temperature. A white precipitate was formed almost immediately (NaCl), and 
during the reaction period the solution became more yellow. The precipitate was removed 
by filtration through a glass filter. The THF was evaporated, and a yellow viscous liquid 
remained, which was vacuum-distilled in a Kugelrohr (160 °C, 0.1 mbar). The product N,N-
(diethyl)dithiocarbamoylbenzyl(trimethoxy)silane (25) (SBDC) was obtained as a light-
yellow viscous liquid, 0.638 g ( yield: 30%). By synthesizing SBDC in bulk instead of on 
the surface, one can purify and characterize the initiating species by 1H-NMR. SBDC (25) 
proved to be stable (1H-NMR) for months in bulk or solution when kept cool and in the 
dark. 
1H-NMR (CDCl3): δ (ppm) = 1.25 (t, 6H, CH3, J = 7.0 Hz), 3.62 (s, 9H, Si(OCH3)3), 3.73 
(q, 2H, NCH2, J = 6.7 Hz), 4.05 (q, 2H, NCH2, J = 6.7 Hz), 4.55 (s, 2H, CH2S), 7.65–7.38 
(dd, 4H, C6H4, J = 6.5 Hz). 
 
Grafting of Silane-Terminated Iniferter (SBDC) on Silicon 
The Si wafers (or similar substrates) were rinsed with water and then sonicated for 15 
minutes in water. This procedure was repeated with ethanol and followed by rinsing in 
refluxing CH2Cl2 for 15 minutes. To break the Si–O bonds on the surface, a solution of 
hydrogen peroxide, ammonia (25%) and water (H2O2:NH3:H2O, 1:1:5) was prepared and 
heated to about 70 °C, and the wafers were added to the mixture for 10 minutes. After 
thorough rinsing with water, they were immersed in a solution of hydrochloric acid 
(HCl:H2O, 1:6) for 30 minutes at room temperature. The wafers were rinsed with water, 
ethanol, and THF or toluene depending on the solvent used for the monolayer formation. 
The freshly prepared wafers were placed directly in a 1–5 mM solution of SBDC (25) in 
THF or toluene overnight at room temperature, rinsed with toluene, and dried under a dry 
prepurified N2 flow. 
 
“Living” Free Radical Photopolymerization Initiated by SBDC 
A clean and oven-dry reaction tube was purged with argon. Under an argon flow, 7 ml of 
distilled monomer (styrene or MMA), 2.5 ml of dry toluene and the samples, grafted with 
the iniferter moiety, were added to the tube. The tube was placed at about 10 cm from a 365 
nm TQ-150 UV-lamp (150 W) and irradiated for the required time at room temperature. 
After polymerization, the samples were submerged in 20 ml of dry toluene and sonicated 
for at least 10 minutes to remove homopolymer that may have been formed in solution and 
adheres to the surface. Finally, the surface was dried under a prepurified N2 flow and kept 
in a sealed tube under N2 until further use. The samples were characterized with SFM and 
subsequently used in block copolymerization experiments with MMA. For the latter, the 
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samples were submerged in 2.5 ml dry toluene and 7 ml of distilled MMA was added. The 
same procedure as described above was utilized. After the photopolymerization of the 
second block, the samples were submerged in 20 ml of dry toluene, sonicated for at least 10 
minutes and washed with toluene. 
 In other characterizations (IR, contact angle, SEM and TEM) multiple samples, all 
prepared in one batch, were used. The samples were taken out of the solution after the 
required polymerization time, washed with dry toluene, submerged in dry toluene and 
sonicated for at least 10 minutes. One sample was used for characterization, whereas the 
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 The synthesis, characterization and solid-state morphology of regioregular, 
amphiphilic polythiophenes based on 3-dodecyl-3’-(3,6,9,12-tetraoxatridecanyl)-2’,5-
bithiophene is described. These polythiophenes form stable monolayers on the water 
subphase of a Langmuir trough and are transferable (Langmuir–Blodgett deposition) to 
solid substrates to give highly ordered thin films. Mixing of the amphiphilic, regioregular 
polythiophenes with a non-conducting poly(ethyleneglycol), in a 50/50 weight-% ratio, 
results in the formation of a semiconducting network of polythiophene in the Langmuir–
Blodgett film. 
 The solution-cast films of the amphiphilic, regioregular polythiophenes exhibit liquid-
crystalline lamellar mesophases with thermotropic transitions at 0 °C, 60 °C and 120 °C. 
These transitions are attributed to the melting of the tetraethyleneglycol monomethyl ether 
side-chains, the dodecyl side-chains and the polythiophene backbones, respectively. DSC, 
X-ray diffraction and optical microscopy were used to identify the thermotropic transitions. 
The molecular ordering was investigated with X-ray and electron diffraction. Potentially, 







The work presented in this Chapter is covered by the following paper: 
‘Synthesis, characterization and properties of amphiphilic, regioregular polythiophenes’, 
de Boer, B.; van Hutten, P. F.; Ouali, L.; Grayer, V.; Hadziioannou, G., submitted to 
Macromolecules (2001). 
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8.1 Regioregular, amphiphilic polythiophenes 
 
 Shortly after the first chemical preparations of insoluble, unsubstituted polythiophenes 
(PT) in 1980 by a metal-catalyzed polycondensation,1,2 research focused on more soluble 
PTs. The first substituted polythiophene, poly(3-methylthiophene), was found to be 
insoluble too,3,4 but extending the substituents resulted in the first environmentally stable 
and soluble poly(3-alkylthiophenes) (PATs), which were reported by Elsenbaumer and co-
workers.5 This finding started the quest for novel PATs that are soluble and processable 
into films, which, after oxidation, can exhibit reasonably high conductivities of 1–5 S/cm. 
Although the synthesis of poly(3-alkylthiophenes) produces very few 2,4’ linkages, it does 
not solve the lack of regiochemical control over head-to-tail couplings between adjacent 
thiophene rings. The dimerization of unsymmetrical substituted 3-alkylthiophenes results in 
three relative orientations, namely a) 2,5’ or head-to-tail coupling (HT), b) 2,2’ or head-to-
head coupling (HH), and c) 5,5’ or tail-to-tail coupling (TT). This leads to a mixture of four 
chemically distinct triad regioisomers when 3-alkylthiophenes are polymerized and the 
product is referred to as regio-irregular (RIR) PAT.6 
 Regioregular (RR) or head-to-tail (HT) poly(3-alkylthiophenes) present a low-energy 
planar conformation, leading to highly conjugated polymers due to the very small torsion 
angles between substituted thiophene rings. HT-coupled PATs can be obtained by two 
chemically different methods that use the asymmetric coupling of asymmetric monomers, 
namely the McCullough method7 and the Rieke method.8 The HT-coupled polythiophenes 
produced by these two methods are spectroscopically not distinguishable and exhibit 
conductivities up to 1000 S/cm.9,10 The enhanced conductivity of HT-coupled PATs 
compared to RIR PATs can be attributed to better conjugation (fewer 2,4’ linkages) and 
higher ordering in the solid-state,11 which are the results of the regiochemical control.9,10 
Due to the regiochemical control, RR PATs exhibit quite different properties compared to 
their RIR analogies, such as smaller band gaps,11,12 better molecular ordering and higher 
crystallinity in their solid-state. Because of the better ordering in the solid-state, RR PATs 
exhibit high intrinsic mobilities (10–2 cm2(V·s)–1 ), and, hence, they are frequently used as 
the semiconducting layer in field-effect transistors (FETs).13,14 Recently, gate-induced 
superconductivity at temperatures below ~2.35 K was reported for solution-processed RR 
poly(3-hexylthiophene) (P3HT) in a field-effect device configuration by Schön et al.15 The 
authors attribute the appearance of superconductivity to the self-assembling properties of 
RR P3HT in the solid-state, in which the polymers adopt a preferred orientation with 
respect to the substrate.13,15,16 Consequently, mobilities of 0.05–0.1 cm2(V·s)–1 were 
obtained at room temperature.16 
 Morphological control over large areas, however, is difficult to obtain for RR PATs by 
conventional casting techniques like drop- and spin-casting. Opto-electronic properties such 
as photo- and electroluminescence, conductivity and nonlinear optical response17 are 
intimately connected to the structure of the polymeric assemblies that constitute the 
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material. Therefore, controlling the assembly process is essential for the preparation of thin 
film devices with reproducible opto-electronic properties. The Langmuir–Blodgett (LB) 
technique can provide such control of the assembly process.18–21 LB techniques offer a 
unique approach to preparing ordered ultra-thin films with well-defined architectures, thus 
providing a promising and versatile method for constructing molecular devices. Applying 
the LB technique to conjugated polymers has produced a variety of opto-electronic devices, 
such as LEDs22 and FETs.18 In general, RR PATs used for preparing these devices are 
based on polythiophenes containing hydrophobic side-chains. Spreading these polymers on 
the air–water interface of a Langmuir trough results in bending of the side-chains, which, in 
turn, cause the thiophene rings to twist away from the coplanar conformation. The benefits 
of using head-to-tail coupled PATs will be negligible in that case. 
 Amphiphilic conjugated polymers, however, can be easily processed by the LB 
technique, resulting in self-assembled, highly oriented monolayers that can be transferred to 
solid supports for further characterization. The key to obtaining highly oriented films with 
good conductive properties lies with the design and synthesis of regioregular, amphiphilic 
polythiophene copolymers with perfectly alternating hydrophobic and hydrophilic side-
groups that form highly ordered PT films. McCullough and co-workers synthesized these 
alternating, amphiphilic, and regioregular polythiophenes.19 Their method relied on the 
synthesis of an amphiphilic bithiophene that could be selectively functionalized at the 2 and 
5’ positions. By coupling of the asymmetric bithiophenes, highly regioregular 
polythiophenes were obtained and this method proved to be compatible with various 
functional side-chains. For these reasons, we adapted their method and the next Sections 
8.2 and 8.3 describe the synthesis of the amphiphilic bithiophene and the alternating, 
amphiphilic, HT-coupled polythiophenes, respectively. The obtained RR, amphiphilic PTs 
were found to give stable LB films that were transferable to solid substrates. Casting from 
solution onto substrates and subsequent annealing resulted in crystalline films, which were 
characterized by differential scanning calorimetry (DSC), optical and electron microscopy 
techniques, and X-ray and electron diffraction. Combined, the characterization techniques 
revealed a highly ordered, lamellar-like solid-state structure. 
 
8.2 Synthesis of amphiphilic, head-to-tail bithiophenes 
 
 The synthesis of amphiphilic, head-to-tail coupled bithiophenes, based on methods 
previously developed by McCullough19,23 is outlined in Scheme 8.1. The design is based on 
the synthesis of two distinct monomers 27 and 29 bearing a hydrophilic tetraethyleneglycol 
side-chain and a hydrophobic dodecyl side-chain, respectively. The hydrophilic monomer 
can be easily synthesized by a nucleophilic attack of the anion of 2-(3-thienyl)ethanol to 
tosylate-activated triethyleneglycol monomethyl ether. The hydrophobic thiophene 
monomer on the other hand is readily prepared by adding the Grignard-derivative of 
dodecylbromide to 3-bromothiophene. The monomer 3-(3,6,9,12-
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tetraoxatridecanyl)thiophene was designed and synthesized because its length is 
comparable to the dodecyl side-chain of the hydrophobic, 3-dodecylthiophene monomer, 
which, in turn, was synthesized for its tendency to form ordered mesophases in the solid-
state.9,24 Subsequently, the monomers can be selectively functionalized to obtain 2-bromo-
3-(3,6,9,12-tetraoxatridecanyl)thiophene25 (27) and 2-trimethylstannyl-4-dodecylthiophene 
(29), which are used in a modified Stille-coupling26 to give the amphiphilic, head-to-tail 















































a) TMEDA, dry ether
b) BuLi/hexane
c) (CH3)3SnCl in THF
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8.3 Polymerization of amphiphilic, head-to-tail coupled 
bithiophenes 
 
 For the polymerization leading to the amphiphilic, regioregular polythiophenes, dimer 
30 was modified by the same procedure as described in the previous Section (Scheme 8.2). 
The amphiphilic dimer was first selectively brominated at its 2-position (31) and 
subsequently converted into a bifunctional (2,5’) monomer (32) capable of undergoing a 




Scheme 8.2 Synthesis of bifunctional monomer 2-bromo-3-dodecyl-3’-(3,6,9,12-
tetraoxatridecanyl)-5’-trimethylstannyl-2’-5-bithiophene and modified 
Stille-coupling to yield alternating, amphiphilic, regioregular polymer 
DTOT-PT. 
 
 After the polymerization, the product was precipitated in methanol and a Soxhlet 
extraction was performed with methanol, hexane and chloroform. The methanol fraction of 
the Soxhlet extraction contained only very low molecular weight oligomers that were not 
used for further characterization. The hexane fraction contained regioregular, amphiphilic 
polythiophene with 78 repeat units of the dimer (Mn = 41000 g/mol), as determined by gel 
permeation chromatography coupled with light-scattering (GPC-LS) in chloroform, 
whereas the chloroform extract yielded the highest molecular weight fraction of 104 repeat 
units of dimer (Mn = 54300 g/mol). Both polymers possess very low polydispersities (D). 
The results are summarized in Table 8.1. Overall yield for the amphiphilic RR PTs starting 
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 From 1H-NMR data, the percentage of head-to-tail coupled polythiophene was 
calculated to be > 95 % for both polymers. The resonances of the non-head-to-tail coupled 
dimers should be quite distinct from the head-to-tail coupled ones.6 For comparison, 
monomer 30 was also polymerized with ferric chloride (FeCl3), which resulted in regio-
irregular (RIR) amphiphilic polythiophene. From 1H-NMR data, the random coupling of the 
dimer is clearly observed. Additional resonances can be observed around δ = 7.12–7.14, 
7.06 and a clear shoulder at 7.01, which are indicative of the three different triads in RIR 
PATs.6 The 1H-NMR spectrum of RIR PT indicated that ca. 25 % of the dimers in the 
polythiophene backbone were non-HT coupled. 
 
Table 8.1 Molecular weights and properties of alternating, amphiphilic, RR 
polythiophenes after Soxhlet extraction with hexane and chloroform, and 
amphiphilic, RIR polythiophene obtained by polymerization with FeCl3. 
 
a) Determined by GPC-LS in CHCl3 or THF assuming 100 % mass recovery. 
b) dn/dc measured in CHCl3 or THF. Molecular weights determined by GPC-LS using the 
measured dn/dc. 




chloroform / THF 
DTOT-PT 
(RR, CHCl3) 




Mw  (g mol–1)a 44300 / 20000 55900 / 32200  32200  
Mn  (g mol–1)a 41000 / 15900 54300 / 27700 19700 
N (rep. units)a 78 / 30 104 / 53 38 
D (=Mw/Mn)a 1.08 / 1.26 1.03 / 1.16 1.63 
dn/dc (ml g–1)a 0.148 / 0.171 0.155 / 0.141 0.179 
dn/dc (ml g–1)b 0.116 / 0.121 0.118 / 0.127  0.119 
Mw (g mol–1)b 72300 / 28000 96700 / 35700 48300 
Mn  (g mol–1)b 66800 / 22600 93800 / 30800 29600 
N (rep. units)b 128 / 43 180 / 59 57 
D (=Mw/Mn)b 1.08 / 1.26 1.03 / 1.16  1.63 
Mn (g mol–1)c 3750 4675 4800 
Mw (g mol–1)c 4150 5380 5500 
D (=Mw/Mn)c 1.11 1.15 1.15 
HT coupling (%) > 95 > 95 ~75 
λmax (nm) 433 440 433 
PLmax (nm) 574 586 567 
Yield (mg) 580 140 420 
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 Although GPC-LS demonstrates high molecular weights for the amphiphilic, RR 
polythiophenes (Table 8.1), one has to take into account that GPC-LS measurements are 
normally used for coil-like polymers (like polystyrene), which have a smaller 
hydrodynamic volume than the rod-like polythiophenes. Molecular weight values measured 
by GPC-LS in THF demonstrate that the amphiphilic polythiophenes exhibit a much lower 
hydrodynamic volume, indicating a more compact conformation in THF than in 
chloroform. Most probably, the less stretched chain conformation (decreased hydrodynamic 
volume) is more comparable to the hydrodynamic volume of coil-like polymer and, 
therefore, the molecular weights determined in THF are more representative of the actual 
molecular weights of the polythiophenes. In general, molecular weight analysis of rigid-rod 
polymers by GPC-LS results in overestimated molecular weights.27 For poly(3-
hexylthiophene)s measured with GPC-LS using polystyrene calibration standards, both the 
number and weight averaged molecular weights are overestimated by factors of 2.0.28 
 When the molecular weights are determined by light scattering using the refractive 
index increment (dn/dc) that was measured with an interferometer, even higher values are 
obtained. When this method is used, the difference between the molecular weights 
measured in chloroform and in THF becomes larger. This difference might arise from the 
light source of the interferometer used for the determination of dn/dc. The interferometer 
uses white light to determine the refractive index increment, which is partially absorbed by 
the polythiophene solutions, resulting in an inaccurate value of dn/dc. 
 Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectroscopy resulted in the detection of very low molecular weights. Unfortunately, 
MALDI-TOF is less reliable, because of the mass dependence of the desorption/ ionization 
process and the mass-dependent detection efficiency in MALDI-TOF. Due to this, the 
higher molar mass components tend to be underrepresented with respect to the lower mass 
components.29 On the other hand, previous literature reports already demonstrated 
overestimated molecular weights of monodisperse oligothiophenes by a factor of 2 when 
determination by GPC is compared to MALDI-TOF.30 
 Two independent and accurate methods can be used to determine the molecular weights 
of polymers. One is GPC-LS calibrated with well-defined oligomers of identical 
composition as the polymer. This was demonstrated in Reference 27 for rigid-rod polymers 
based on tetrahydropyrene. This method requires the tedious, step-wise synthesis of 
oligomers, which is not the goal of this work. The other method is based on using the 
Mark–Houwink equation, for which the intrinsic viscosity is required.28 Unfortunately, the 
amphiphilic polythiophenes exhibited intrinsic viscosities too low to make an accurate 
estimation of the Mark–Houwink constants. 
 The molecular weight of RIR DTOT-PT is comparable to that of RR DTOT-PT 
(CHCl3), but the RIR polymer possesses a higher polydispersity, due to the polymerization 
with FeCl3. Moreover, this polymer was not purified by Soxhlet extraction with various 
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solvents, a procedure that would result in fractionation of the polymer and a narrower 
molecular weight distribution. 
 The UV–vis and photoluminescence spectra of the dimer, the 2,5’-functional dimer and 
the amphiphilic polymers in chloroform clearly demonstrate the decreasing optical band 
gap with increasing molecular weights (Figure 8.1). Whereas the dimers show absorption in 
the UV range, the polymers possess relatively high wavelength absorption maxima (λmax) 
and photoluminescence maxima (PLmax) indicating the increase in conjugation length 
(reduction of the optical bandgap). Also the difference between the hexane-extracted 
polymer and the chloroform-extracted polymer is obvious from the absorption and 
fluorescence spectra, indicating that the latter contains the higher molecular weight fraction 
with a higher conjugation length. 
Figure 8.1 UV–vis spectra of amphiphilic bithiophene and functionalized 
bithiophene monomers, and UV–vis and photoluminescence spectra of 
RR polythiophenes and RIR polythiophene. 
 
 Although the molecular weight of the regioirregular amphiphilic polythiophene is 
determined to be higher than that of RR DTOT-PT (hex) and comparable to that of RR 
DTOT-PT (CHCl3) by all methods described above, it demonstrates roughly the same 
absorption spectrum as RR DTOT-PT (hex), which is indicative of the non-perfect head-to-
tail coupling. Due to head-to-head or tail-to-tail coupling, the thiophene rings in the 
polymer are forced into a non-planar conformation, leading to poorer π-orbital overlap and, 
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therefore, an increasing optical bandgap. This is even more pronounced in the 
photoluminescence, where the non-planar conformation induces photoluminescence of 
higher energy, due to higher positioned excited states. Therefore, the photoluminescence 
will be blue-shifted compared to RR DTOT-PT with the same or even lower molecular 
weight. 
 This demonstrates the advantages of head-to-tail coupled polythiophenes with respect 
to the control of the conformation. Even though the molecular weight of RR DTOT-PT 
(CHCl3) is comparable to that of RIR DTOT-PT, the regioregular PT possesses a 
photoluminescence maximum that is almost 20 nm red-shifted. Ultimately, regiochemical 
control will give rise to improved opto-electronic properties of polythiophenes.14–16 
 
8.4 Langmuir–Blodgett films of regioregular, amphiphilic 
polythiophenes 
 
8.4.1 Langmuir–Blodgett films of regioregular, amphiphilic 
polythiophene as the sole component 
 
 The formation of uniform films of RR DTOT-PT at the air–water interface is very 
sensitive to the preparation condition such as temperature, solvent and concentration.  At 
too high a concentration, the films, spread from chloroform solution, rapidly became 
inhomogeneous, indicating aggregation of the rigid polythiophenes. To avoid aggregation 
already in solution, RR DTOT-PT (hex) was used in these experiments, because of its 
better solubility in chloroform. Chloroform solutions of this RR PT spread readily onto the 
water surface of the Langmuir trough. The amphiphilic nature of this kind of PT ensures 
that the tetraethyleneglycol groups go into the water while the long alkyl chains stick up 
into the air.19,21 The design of alternating hydrophilic and hydrophobic substituents results 
in a preorganization of the polymer on the water subphase, which allows full conjugation of 
the π-electrons due to the co-planar configuration of neighboring thiophene units, as 
schematically depicted in Figure 8.2 (inset). 
 Figure 8.2 also shows the surface pressure–area isotherms of films of RR DTOT-PT 
(hex), spread from chloroform at different concentrations, and compressed at two distinct 
subphase temperatures. The total compression time was kept constant at 60 minutes. 
Although films spread at higher concentration demonstrated a higher compressibility, these 
films also frequently collapsed before reaching the highly condensed state (> 30 mN/m). 
The isotherms recorded at elevated temperatures of the subphase demonstrate a lower 
compressibility and a more rapid transition from the expanded to the condensed state, 
suggesting a larger occupied area per repeat unit due to thermal motion. All pressure–area 
isotherms lead to a close-packed monolayer and reveal a collapse of this layer at ~29 Å2 per 
polythiophene repeat unit, which agrees with the calculated area of a dimer estimated from 
X-ray diffraction data (Section 8.5; ~30 Å2),23 and with previously reported LB data on 
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similar compounds19,20 Beyond the collapse point (area per repeat unit < 29 Å2), these 
amphiphilic RR PTs have been reported to form bundles of PTs or tubular superstructures 
(nanowires) with dimensions of ~60 nm wide, 10–15 nm high and a length of several 
microns.31 X-ray diffraction experiments showed that the wires were less ordered than the 
monolayer from which they were formed. Exposing the nanowires to iodine vapor resulted 
in a conductivity of 40 S/cm.31 
 
Figure 8.2 Surface pressure–area isotherms of RR DTOT-PT (hex) spread at a water 
subphase temperature of 30 °C at a concentration of 0.169 (––––––) and 
0.085 mg/ml (······) in chloroform, and at a subphase temperature of 60 
°C at a concentration of 0.169 (– – –) and 0.085 mg/ml (– · – · –). Inset: 
space-filling model of the amphiphilic, RR polythiophene at the water–air 
interface. 
 
 In a stabilization experiment, a film spread at 0.169 mg/ml (chloroform) and 
compressed to a surface pressure (Π) of 15 mN/m at 20 °C, proved to be stable for a long 
period of time (at least 1000 minutes), enabling the transfer of mono- or multilayers of RR 
DTOT-PT (hex) onto solid substrates. Transfer of the film allows the evaluation of its 
morphology by imaging techniques, e.g., AFM. Figure 8.3 shows the surface pressure–area 
isotherm of a film of RR DTOT-PT (hex) at 20 °C. Films were transferred by vertical 
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deposition onto mica at three different surface pressures as indicated in Figure 8.3 (A: Π = 
1.5 mN/m, B: Π = 5.0 mN/m and C: Π = 15 mN/m). The film-transfer to mica occurred 
smoothly without rupture of the LB film and with a transfer ratio of unity. AFM of the LB 
films transferred at three distinct surface pressures reveals that the RR DTOT-PT 
aggregates into worm-like clusters with a height around 2 nm and a length of several tens of 
nm (Figure 8.4). The contour length of the 78-unit polymer chain (determined by GPC in 
CHCl3) would be 58 nm. The packing density gradually increases with pressure. The 
surface roughness initially remains within 2 nm, implying that the molecules have their 
long axis parallel to the film surface. At 15 mN/m, the film surface shows protrusions at 
least 5 nm high in some places, indicating that some aggregates have been pushed out of the 
first layer and forced to point upwards or to pile up. 
 
Figure 8.3 Surface pressure–area isotherm of RR DTOT-PT (hex) at 20 °C and 
spread from a chloroform solution of 0.169 mg/ml. Points A, B and C 




























Area per repeat unit (Å2)
150   Chapter Eight 
 
Figure 8.4 AFM-tapping mode images of the LB films transferred onto mica at 1.5, 5 
and 15 mN/m. 
 
 Many tens of layers can be deposited onto quartz by repeated vertical dipping in the LB 
trough at a surface pressure of 8.0 mN/m. The increase of the number of layers on the 
substrate is indicated by an increase of the optical density (Figure 8.5 inset). Optical 
absorption (Figure 8.5) is red-shifted relative to the solution and peaks at 445 nm for 30 
layers and at 455 nm for 60 layers. The fluorescence spectra of the multilayers are much 
narrower than those of the solution, and more red-shifted than the absorption spectra. The 
fluorescence shifts to the blue upon increasing the number of layers (maximum at 634 nm 
for 30 layers and at 618 nm for 60 layers). The narrowing of the spectra and the dependence 
on the number of layers suggest three-dimensional order, with full orientational correlations 
between the layers, in the multilayer. 
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Figure 8.5 Normalized absorption and photoluminescence spectra of 30 and 60 
layers of RR DTOT-PT transferred onto quartz at a surface pressure of 




8.4.2 Langmuir–Blodgett films of mixtures of regioregular, 
amphiphilic polythiophenes and polyethyleneglycol 
 
 In the quest for transparent and flexible electrodes, Cao et al. mixed camphor sulfonic 
acid-doped polyaniline (PANI-CSA) with poly(methyl methacrylate) (PMMA)32–34 or 
polyethylene32 and reached electrical conductivities of 1 S/cm in polyblends containing 
PMMA and only 2 weight-% of PANI-CSA. Transmission electron microscopy studies 
demonstrated that an interconnected network was formed upon the addition of more than 1 
weight-% PANI-CSA to PMMA.34 In analogy with the blending and solution processing of 
PANI-CSA and PMMA, we mixed RR DTOT-PT with polyethyleneglycol (PEG) in order 
to achieve a percolated system in thin LB-films. PEG was used for its compatibility with 
the tetraethyleneglycol monomethylether side-chains of the RR PT. The polymer mixtures 
(RR DTOT-PT (hex), PEG Mn=10 000 g/mol) were dissolved in chloroform with a 
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concentration of 0.1 mg/ml and spread on the water subphase. The isotherms were recorded 
at 20 oC with a barrier speed of 30 cm2/min (Figure 8.6). LB films were deposited under 
constant lateral pressure (6–6.5 mN/m) onto silicon substrates. The inset in Figure 8.6 
shows a magnification of the low-area range of the isotherms. 
 
Figure 8.6 Surface pressure–area isotherms of mixtures of RR DTOT-PT and PEG 
on the water subphase and AFM images of the films transferred at a 
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 Although PEG dissolves in water, it remains on the water surface when initially 
deposited as a solution in chloroform. This finding is explained as an effect of the surface 
tension. Compression of the Langmuir layer leads to dissolution of the PEG at some point, 
while the pressure is expected to remain essentially constant during this process. In Figure 
8.6, the surface pressure is plotted as a function of the area per repeat unit of amphiphilic 
PT and the isotherms are normalized to the amount of PT introduced. The isotherms 
demonstrate a higher compressibility of the films for lower PT content, indicating that the 
rigid polythiophenes have a strong influence on the compressibility of the film. As 
described above, films of pure amphiphilic PTs exhibit an area per repeat unit of 29 Å2. 
This is reflected in the isotherms of the mixtures as a steady increase of the surface pressure 
during compression of these films up to a value around 8.5 mN/m, where the surface area 
has reached a value of ca. 35 Å2, for both mixtures. Hence, it was concluded that the PEG 
has dissolved into the water phase at this point, and that only amphiphilic PT forms the 
monolayer film. 
 At a surface pressure of 6–6.5 mN/m, approximately half of the initial amount of PEG 
will still be present on the water. At this pressure, films were transferred onto silicon 
substrates. Evaluation of the thin-film morphology by AFM shows that a continuous 
network of conducting polymer can be formed by mixing 50 weight-% of amphiphilic PT 
(bright) together with PEG (dark). Diluting the mixture with more PEG (25/75) results in 
discontinuities of PT-phase and a smaller apparent thickness of the continuous path. The PT 
threads envelop areas of the PEG phase, which is therefore disperse. The PEG areas vary 
greatly in size: many are an order of magnitude larger than the thread diameter. Closer 
inspection, however, reveals the presence of very small PEG areas.  The width and height 
of the threads formed by PT are quite uniform over the whole film (50–100 nm and ~2 nm, 
respectively). This resembles the worm-like aggregates found in films that consist solely of 
RR DTOT-PT (Figure 8.4). Probably, the worm-like aggregates have the tendency to form 
their own domains (like-likes-like) in films of mixtures of polymers. This is interpreted as 
the PT being oriented perpendicular to the thread axis, whereby the molecular length of ca. 
60 nm for the amphiphilic PT used here sets the diameter of the threads. Normally polymer 
blends tend to macrophase separate into domains with typical length scales of micrometers 
due to this principle of preferred interaction with their own species (minimizing the 
interfacial tension). By using a mixture of regioregular, amphiphilic polythiophene and 
polyethyleneglycol, we obtained percolated systems with path widths of tens of 
nanometers. By adjusting the amount of polythiophene and the surface pressure of the LB 
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8.5 Solid-state properties of amphiphilic, regioregular 
polythiophenes 
 
 Because of the confined space in LB films (monolayers), certain properties of 
polymers, e.g., macrophase separation, thermotropic and lyotropic behavior, can change or 
even vanish upon going from to the bulk, condensed state to the monolayer. Data obtained 
from macroscopic measurements should, therefore, be carefully compared with those of 
ultrathin films obtained by LB techniques. In this Section, the bulk solid-state properties of 
amphiphilic, RR PTs are investigated by means of differential scanning calorimetry (DSC), 
X-ray- and electron diffraction, optical microscopy and transmission electron microscopy 
(TEM). 
 Polymers consisting of long side-chains connected to a rigid backbone are often 
referred to as hairy rod polymers. These polymers are known to exhibit thermotropic 
behavior with liquid-crystalline mesophases9,35–38 (Chapter 4). The amphiphilic, 
regioregular polythiophenes described above belong to this class and exhibit interesting 
thermotropic transitions. 
 DSC analysis of RR DTOT-PT (hex) reveals three clear thermotropic transitions upon 
cooling from the isotropic melt at 200 °C down to –50 °C at 10 °C/min: a sharp transition at 
85 °C (∆H = –4 J/g) and two less pronounced transitions at 55 °C (∆H = –2 J/g) and 5 °C 
(∆H = –2 J/g). The subsequent heating scan gives rise to the corresponding endothermic 
transitions at 5 °C (∆H = 1 J/g), 60 °C (∆H = 11 J/g) and 120 °C (∆H = 3 J/g). The 
transition around 5 °C is attributed to melting (crystallization) of the tetraethyleneglycol 
monomethyl ether side-chains and the transition at 60 °C is attributed to the melting 
(crystallization) of the dodecyl side-chains.39 The third transition (120 °C) results from 
melting of the thiophene backbones. Upon cooling from the isotropic melt, the backbone 
crystallization requires a strong undercooling. 
 The high molecular weight amphiphilic polythiophene RR DTOT-PT (CHCl3) exhibits 
similar thermotropic transitions, but at slightly different temperatures (down-scan:  100 °C, 
∆H = –7 J/g; 55 °C, ∆H = –2 J/g; 0 °C, ∆H = –3 J/g. Up-scan: 5 °C (∆H = 1 J/g); 60 °C, ∆H 
= 2 J/g; 130 °C, ∆H = 5 J/g). Upon heating, the higher molecular weight PT demonstrates 
the same melting temperature of the dodecyl side-chains and a slightly higher melting 
temperature of the PT backbone, as expected. 
 Similar to the regioregular polythiophenes, the regioirregular, amphiphilic 
polythiophene exhibits two melting transitions upon heating that are attributed to side-chain 
melting, at 0 °C (∆H = 2 J/g) and at 65 °C (∆H = 11 J/g). The latter consists of multiple 
endothermic transitions, resulting in a huge, broad transition with multiple peaks and large 
endothermic energy. Therefore, this transition is not only attributed to the melting of the 
dodecyl side-chains, but also to the melting of the polythiophene backbone. Furthermore, a 
very small peak is observed at 95 °C, which is also attributed to the melting of the 
polythiophene backbone. The reverse scan, on the other hand, reveals a small exothermic 
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crystallization at 65 °C (crystallization of the polythiophene backbone, ∆H = –1 J/g) and a 
large, broad transition centered around 5 °C with an onset at 30 °C (∆H = –10 J/g). This 
implies crystallization of the dodecyl and the tetraethyleneglycol side-chains in that 
temperature range, resulting from non-perfect ordering in the solid-state due to the 
regioirregular coupling of the bithiophene repeat units. 
 Evaluation of the bulk morphology by X-ray diffraction is a powerful method to 
resolve the lattice spacing of ordered films of RR PTs.9,20,37,39,40 This technique also 
demonstrated that RIR PATs and unsubstituted PTs were totally amorphous.9 For our 
DTOT-PT, Figure 8.7 clearly shows the (200) Bragg reflection at 2θ = 2.9° corresponding 
to 30.5 Å at 25 °C. The distance of 30.5 Å reflects the spacing between polythiophenes 
separated by two side-chains. The polythiophene chains will order themselves in alternating 
orientation, favoring hydrophilic and hydrophobic interactions. The ordered structured is 
schematically depicted in Figure 8.8. Overlap (interdigitation) between side-chains in 
neighboring stacks is minimal although there can be ordering of the side-chains across the 
layer–layer interface.37 STM imaging of two-dimensional crystals of RR poly(3-
dodecylthiophene) on highly oriented pyrolytic graphite (HOPG) resulted in a direct 
visualization of PAT on a surface and revealed an interlayer spacing of 20 Å.41 The authors 
attributed the shorter interchain distance to the orientation of the 3-dodecylthiophene units 
on the HOPG, which forces interdigitation of the side-chains to occur. In comparison with 
other X-ray diffraction measurements, 30.5 Å agrees very well with data obtained for RR 3-
dodecylthiophene.9,37,39 
 The diffraction peak of the bithiophene repeat unit (c-axis) at 11.4° (7.7 Å (001)) is 
clearly visible and corresponds well to the literature.20,37,40 The spacing between the π-
stacked polythiophene chains (b-axis) is expected to be around 3.8 Å (~ 2θ = 23.1°),20,37,39 
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Figure 8.7 X-ray diffraction of RR DTOT-PT (hex) at distinct temperatures in a 
glass capillary, successively measured on the same sample (from bottom 
to top). 
 
 In order to evaluate the thermotropic transitions that were obtained by DSC, we 
performed X-ray diffraction on an as-cast film of RR DTOT-PT (hex) at 25 °C, above both 
transitions of side-chain melting at 80 °C, above the backbone melting transition at 140 °C, 
and again after cooling down to 90 °C (Figure 8.7). Upon increasing the temperature above 
the melting temperature of the side-chains, the diffraction peak assigned to the interlayer d-
spacing along the a-axis (30.5 Å) has disappeared, suggesting a transition to a disordered 
phase. The diffraction peak at 7.7 Å (11.4°, bithiophene repeat unit) remains at all 
temperatures, suggesting that there is still a high degree of chain alignment in the film. This 
diffraction peak might arise from high molecular weight fractions that require a higher 
temperature to melt. Subsequent cooling to 90 °C results in the reversible formation of 
layered thiophene chains and is consistent with DSC data. Besides X-ray diffraction, optical 
microscopy indicates that a high degree of chain alignment is still present in the film. 
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Figure 8.8 Schematic representation of the orientation of amphiphilic polythiophene 
as derived from the X-ray diffraction data. Space-filling model displays 
oligothiophenes: black: oxygen, light gray: sulfur, gray: carbon. 
 
 Optical microscopy of a drop-cast solution of 1 weight-% RR DTOT-PT (hex) in 
chloroform visualized the red, solid structure at room temperature. At 90 °C the film 
behaves as a waxy solid, due to melting of the side-chains and above 140 °C an isotropic 
melt is obtained. After slowly cooling the sample (2 °C/min) from 200 °C to 20 °C, a 
crystalline phase was observed below 70 °C. The crystalline phase showed a clear 
birefringence (Figure 8.9) and proved to be stable up to 110 °C. Annealing of this film at 
100°C for several days increased the molecular packing and resulted in larger crystalline 
domains. Thus, optical microscopy (with crossed polarizers) confirms that a liquid-
crystalline phase exists between the melting temperature of the side-chains and the melting 
temperature of the polythiophene backbone, as previously measured with X-ray diffraction 
and DSC. 
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Figure 8.9 Optical microscopy (with crossed-polarizers) images of the liquid-
crystalline phase of the regioregular, amphiphilic polythiophene DTOT-
PT (hex) (left). The birefringence was visualized by rotating the sample 
by 45 ° (right). 
 
 As cast from chloroform, the amphiphilic, RR PTs crystallize in small domains due to 
the rapid evaporation of chloroform. These domains are hardly visible with optical 
microscopy. Upon slow cooling from the isotropic melt, larger crystalline domains may 
form, because the PT chains can rearrange themselves during this process. 
 Crystallization, imaged by transmission electron microscopy (TEM), from chloroform 
solution produces triangular crystals of 0.5–1 µm (Figure 8.10A), and needles as well 
(Figure 8.10B). The thinnest needles have a diameter of the order of 10 nm; the edge of the 
deposit from which the needles originate shows triangular features as well. 
 Electron diffraction studies on the triangular crystals and needles revealed that the 
orientation of the polythiophene backbone is parallel to the substrate in the case of the 
triangular crystals and perpendicular to the substrate in the needles. Electron diffraction of 
the needles resulted in a typical pattern that is commonly observed for polyethylene, which 
can be attributed to diffraction from the sublattice of the alkyl side-chains. Electron 
diffraction of the triangles demonstrated a diffraction pattern related to the π-stacking 
spacing of the polythiophene backbone (b-axis). 
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Figure 8.10 Transmission electron micrographs of RR DTOT-PT (hex) crystallized 
from chloroform solution. Both triangular crystals (A) and needles (B) 
are found. 
 
 This kind of amphiphilic, regioregular PTs exhibits the ‘ideal’ structure for processing 
by LB techniques and the high stereoregularity of the thiophene backbone ensures the high 
degree of conjugation that is essential for electrical and optical properties of devices.18,19 
Especially, field-effect transistors can benefit from oriented microcrystalline PATs13 
synthesized with regiochemical control, as was recently demonstrated by Sirringhaus et 






 1H-NMR spectra were recorded on a Varian Gemini-300 spectrometer with internal 
lock on the 2H-signal of the solvent. Absorbance spectra were measured with a SLM 
Aminco 3000 diode array spectrometer with UV-grade solvents. Photoluminescence spectra 
were recorded on a Perkin–Elmer LS50-B spectrofluorimeter with an excitation wavelength 
at the absorption maximum. The GPC-LS measurements were done in THF using PL-gel 
mixed-C columns in a Waters Powerline 600 LC-system, equipped with a Waters 996 
Photodiode detector and a Wyatt Dawn DSP light scattering detector. GPC in chloroform 
was performed on Spectra Physics AS 1000 coupled with a Shodex RI-71 refractive index 
detector and a Viskotek H-502 viscometer, and molecular weights were determined relative 
1 mµ 1 mµ
A B
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to polystyrene standards or calculated with a measured dn/dc. dn/dc measurements were 
performed on a Jenoptik Jena Interferometer LI-3 in CHCl3 and THF (both HPLC grade) at 
25 °C. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectra were recorded on a Micromass TofSpec SE spectrometer. All spectra were recorded 
in linear mode, in which samples were irradiated under high vacuum using a nitrogen laser 
(wavelength 337 nm, 4 ns pulse), where each pulse has an energy of 180 microjoules. The 
accelerating voltage and pulse voltage were 20 kV and 2 kV, respectively. Dithranol was 
used as a matrix and both matrix and polymer were dissolved in chloroform, mixed (molar 
ratio 2000:1) and drop-cast (2 µl) on a stainless steel target. Average molecular weights 
(Mn, Mw) were calculated from the MALDI-TOF data. 
Langmuir–Blodgett experiments were performed on computer-controlled Lauda 
Filmbalance (FW2), with a surface pressure accuracy of 0.05 mN/m. The monolayer 
properties were studied by measuring surface pressure–area isotherms. LB films were 
deposited under constant lateral pressure (ranging from 1–15 mN/m) on silicon, mica or 
quartz substrate. These films were dried and examined by atomic force microscopy (AFM) 
using a Digital Nanoscope III. Silicon cantilevers were used to acquire topography images 
in tapping mode at room temperature in ambient conditions. Differential scanning 
calorimetry analyses were obtained using a Perkin-Elmer DSC-7 that was calibrated with 
indium. Transmission electron microscopy images were recorded on a Jeol 1200 EX 
electron microscope operating at 100 kV. X-ray diffraction was performed on an Inel CPS-
120 using a glass capillary of 1 mm. An Enraf Nonius FR590 X-ray generator was used 
producing X-rays with a wavelength of 154 pm (Cu Kα). The X-ray data were corrected for 
glass. Optical microscopy images were taken on a Zeiss Axiophot microscope equipped 
with a high-resolution CCD-camera (Sony DKC 5000), which was connected to a frame 
grabber and a personal computer for image processing. 
 
Materials and methods 
 THF was distilled from Na/K alloy and ether from LiAlH4. Diisopropylamine and 
tetramethylethylenediamine (TMEDA) were dried on KOH. Chemicals were used as 
received, unless noted otherwise. NiCl2·dppp was synthesized prior to use according to 
Reference 42. Water was purified by the Milli-Q filtration system to obtain a resistivity as 
high as 18.2 MΩ·cm. Chloroform used in LB experiments and spectroscopic analysis was 
of spectroscopic quality (Uvasol). 
 
Monotosyl triethylene glycol monomethyl ether (TTEG) 
Triethyleneglycol monomethyl ether (50.6 g, 308 mmol) was dissolved in 100 ml pyridine 
and cooled to 0 °C. p-Toluenesulfonylchloride (58.8 g, 308 mmol) dissolved in 150 ml of 
pyridine was slowly added and allowed to warm up over night. The reaction was quenched 
in vigorously stirred ice water and the product was extracted with 4 × 200 ml 
dichloromethane. The combined dichloromethane phases were washed with 3 × 200 ml 1N 
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HCl (aq) till pH = 3 and subsequently washed with water till pH = 7. The dichloromethane 
phase was dried on Na2SO4, filtered and evaporated, yielding 44.2 g (138.6 mmol, 45 %) of 
clear oil (TTEG). 
1H-NMR (CDCl3): δ (ppm) = 2.3 (s, 3H, arom. CH3), 3.2 (s, 3H, OCH3), 3.4–3.6 (m, 10H, 
CH2–O), 4.0 (t, 2H, SO3–CH2), 7.2 (d, 2H, arom. H), 7.7 (d, 2H, arom. H). 
 
3-(3,6,9,12-tetraoxatridecanyl)thiophene (26, TOT-T) 
2-(3-thienyl)ethanol (15.38 g, 120 mmol) was dissolved in 150 ml DMF and cooled in an 
ice/salt bath (–5 °C). Potassium t-butoxide (15.02 g, 133 mmol) was slowly added keeping 
the temperature below 0 °C. The solution was stirred for 30 minutes and a solution of 
TTEG (38.3 g, 120 mmol) in 20 ml DMF was slowly added. After 2 hours the ice/salt bath 
was removed and the reaction mixture was allowed to stir overnight before it was poured 
out 1 L of water containing 100 g NaHCO3. The product was extracted with 
dichloromethane (3 × 100 ml) and dried on Na2SO4. Further purification by Kugelrohr at 
150 °C/ 0.1 mm Hg yielded 20.05 g (73 mmol, 61 %) of product 26. 
1H-NMR (CDCl3): δ (ppm) = 2.8 (t, 2H, T–CH2–CH2-O), 3.3 (s, 3H, OCH3), 3.4–3.6 (m, 
14H, CH2–O), 6.91 (d, 1H, C=CH), 6.96 (s, 1H, =HC–S), 7.17 (dd, 1H, =HC–S). 
 
2-bromo-3-(3,6,9,12-tetraoxatridecanyl)thiophene (27) 
26 (3.73 g, 13.6 mmol) was dissolved in 20 ml acetic acid/chloroform (1:1) and 2.54 g 
(14.4 mmol) N-bromosuccinimide (NBS) was added. The solution turned yellow and clear 
while the temperature increased to 32 °C. After 1 hour the reaction was quenched with 40 
ml water and extracted with 25 ml chloroform. The chloroform solution was washed with 
50 ml KOH (2.5 g) solution in water. The chloroform phase was separated and dried on 
Na2SO4, filtered and evaporated, yielding 4.63 g (13.1 mmol, 96 %) of 27. 
1H-NMR (CDCl3): δ (ppm) = 2.8 (t, 2H, T–CH2–CH2-O), 3.3 (s, 3H, OCH3), 3.4–3.6 (m, 
14H, CH2–O), 6.8 (d, 1H, C=CH), 7.11 (d, 1H, =HC–S). 
 
3-dodecylthiophene (28, D-T) 
Magnesium turnings (7.3 g, 300 mmol) were activated with one crystal of iodine through 
heating. After adding 15 ml dry ether, n-bromodecane (52 g, 209 mmol) in 100 ml dry ether 
was added in 1 hour resulting in constant refluxing of the solvent. The Grignard reagent 
was cooled to room temperature and added dropwise to a solution of 3-bromothiophene 
(29.4 g, 180 mmol) and NiCl2·dppp (50 mg) in 75 ml dry ether. During 1 day another 100 
mg NiCl2·dppp was added in small portions and the solution was stirred overnight under 
reflux conditions. The solution was poured out into 500 ml 5 % HCl ice water, the ether 
phase was separated and the water phase was extracted with 3 × 100 ml ether. The 
combined ether phases were washed with 100 ml water and dried on Na2SO4, filtered and 
evaporated, leaving brown oil. The brown oil was purified by Kugelrohr at 120 °C/ 0.1 mm 
Hg yielding 28 (33.6 g, 133 mmol, 74 %). 
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1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, CH3), 1.25 (m, 18H, CH2), 1.6 (t, 2H, T–CH2–




28 (10.0 g, 39.6 mmol) and 5.07 g (43.6 mmol) tetramethylethylenediamine (TMEDA) 
were dissolved in 100 ml dry ether and cooled with an ice/salt bath. 16 ml n-butyllithium 
(2.5 M in hexane) was slowly added over a period of 1 hour, refluxed for another hour and 
cooled to 0 °C. Trimethylstannylchloride (7.97 g, 40.0 mmol) in 30 ml THF was added, 
during which the solution turned yellow and clear. The ice bath was removed and the 
mixture was stirred over night at room temperature. 100 ml NH4Cl (20 g) in water was 
added, phases were separated and the water phase was extracted with 50 ml ether. The 
combined ether phases were washed twice with 50 ml water, dried on Na2SO4, filtered and 
evaporated. Product 29 was obtained by Kugelrohr distillation at 130 °C/ 0.1-0.05 mm Hg 
in 51 % yield (8.40 g, 20.2 mmol). 
1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, CH3) , 1.25 (m, 18H, CH2), 1.6 (t, 2H, T–CH2–




27 (5.48 g, 15.5 mmol) was dissolved in 75 ml DMF. 0.90 g (0.78 mmol) 
tetra(triphenylphosphine)palladium (Pd(PPh3)4) and 1.24 g (15.5 mmol) CuO were added 
and stirred for 30 minutes at 110 °C. 29 (6.76 g, 16.3 mmol), dissolved in 40 ml DMF, was 
added and the mixtures was stirred for 22 hours at 110 °C, cooled to room temperature, 
filtered and the filter was rinsed with ether. The filtrate was poured into ether (400 ml) and 
washed with 4 × 150 ml water. The water phase was extracted once with 100 ml ether and 
the combined ether phases were filtered, dried on Na2SO4, filtered and evaporated, leaving 
red/brown oil. The product was purified by column chromatography on silica using hexane: 
ethyl acetate (3:1) as eluent, resulting in 4.2 g (8.0 mmol, 52 %) amphiphilic dimer 30. 
1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, CH3), 1.25 (m, 18H, CH2), 1.5 (t, 2H, T–CH2–
CH2–R (D)), 2.5 (t, 2H, T–CH2–R (D)), 3.0 (t, 2H, T–CH2-CH2 (TOT)), 3.3 (s, 3H, OCH3), 
3.4–3.7 (m, 14H, CH2–O), 6.81 (s, 1H, C=HC (4’, D), 6.85 (d, 1H, C=HC(4,TOT)), 6.9 (s, 
1H, S–CH (2’,D)), 7.08 (d, 1H, =HC–S (5, TOT)). 
TOT: group belongs to 3-(3,6,9,12-tetraoxatridecanyl)thiophene, D: group belongs to 3’-






Amphiphilic, Regioregular Polythiophenes  163 
2’-bromo-3’-dodecyl-3-(3,6,9,12-tetraoxatridecanyl)-2,5’-bithiophene (31) 
30 (2.98 g, 5.72 mmol) was dissolved in 30 ml acetic acid/chloroform (1:1) and 1.07 g 
(6.00 mmol) NBS was added and stirred for 1 hour. Then 30 ml water was added, the 
mixture was stirred for 30 minutes and 25 ml chloroform was added. The layers were 
separated, the chloroform phase was washed with 40 ml KOH (0.9 g) in water, layers were 
separated and the chloroform phase was dried on Na2SO4, filtered and evaporated. The 
product was purified by column chromatography on silica using hexane: ethyl acetate (2:1) 
as eluent, resulting in 2.79 g of 31 (4.62 mmol, 81 %). 
1H-NMR (CDCl3): δ (ppm) = 0.85 (t, 3H, CH3) , 1.25 (m, 18H, CH2), 1.5 (t, 2H, T–CH2–
CH2–R (D)), 2.4 (t, 2H, T–CH2–R (D)), 2.9 (t, 2H, T–CH2-CH2 (TOT)), 3.3 (s, 3H, OCH3), 
3.4–3.7 (m, 14H, CH2–O), 6.7 (s, 1H, C=HC (4’, D)), 6.9 (d, 1H, C=CH (4, TOT)), 7.1 (d, 




Diisopropylamine (0.42 g, 4.1 mmol) was dissolved in 20 ml THF, cooled to –78 °C, 1.7 ml 
of 2.5 M n-butyllithium (in hexane) was added and the solution was warmed up to 10 °C 
and stirred for 10 minutes, forming the lithiumdiisopropylamine complex (LDA). This 
solution was cooled to –75 °C, a solution of 31 (2.5 g, 4.1 mmol) in 15 ml THF was added 
and stirred for 1 hour at –75 °C. 4.15 ml of 1.0 M trimethylstannylchloride in hexane was 
inserted and the mixture was allowed to warm up slowly to room temperature and stirred 
overnight (mixture became dark yellow). The solution was poured out into 150 ml water, 
extracted with 70 ml ether, dried on Na2SO4, filtered and evaporated. The product was 
purified by column chromatography on silica using first hexane: ethyl acetate (2:1) and in 
the second column hexane: ethyl acetate (1:1) as eluent. This yielded 1.07 g (1.4 mmol) of 
32 (34 %). 
1H-NMR (CDCl3): δ (ppm) = 0.3 (s, 9H, (CH3)3Sn), 0.85 (t, 3H, CH3), 1.25 (m, 18H, CH2), 
1.5 (t, 2H, T–CH2–CH2–R (D)), 2.4 (t, 2H, T–CH2–R (D)) , 2.9 (t, 2H, T–CH2-CH2 (TOT)), 
3.3 (s, 3H, OCH3), 3.4–3.7 (m, 14H, CH2–O), 6.75 (s, 1H, C=HC (4’, D)), 6.96 (s, 1H, 
TMS-C=CH (4, TOT)). 
 
Regioregular polymerization of amphiphilic monomer 32 (regioregular DTOT-PT) 
32 (2.07 g, 2.7 mmol), Pd(PPh3)4 (0.16 g, 5 mol-%) and CuO (0.22 g, 2.7 mmol) were 
dissolved in 75 ml DMF and stirred at 110 °C for 21 hours. The solution was cooled to 
room temperature and precipitated in 1 L of methanol. The collected residue was extracted 
consecutively in a Soxhlet apparatus with methanol, hexane and chloroform. The hexane 
fraction contained 580 mg of relatively high molecular weight amphiphilic, regioregular 
polythiophene DTOT-PT (hex) (Mn = 41000 g/mol) and the chloroform extraction 
resulting in 140 mg high molecular weight amphiphilic, regioregular polythiophene DTOT-
PT (CHCl3) (Mn = 54300 g/mol). 1H-NMR-spectra of both polymers are identical. 
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1H-NMR (CDCl3): δ (ppm) = 0.80 (t, 3H, CH3), 1.2 (m, 18H, CH2), 1.6 (br. t, 2H, T–CH2–
CH2–R (D)), 2.7 (br. t, 2H, T–CH2–R (D)), 3.0 (br. t, 2H, T–CH2-CH2 (TOT)), 3.3 (s, 3H, 
OCH3), 3.4–3.7 (m, 14H, CH2–O), 6.95 (s, 1H, C=HC (4’, D)), 6.98 (s, 1H, CH=CH (4, 
TOT)). 
 
Polymerization of 30 with ferric chloride (regio-irregular DTOT-PT) 
FeCl3 (1.24 g, 7.63 mmol) and 30 (1.0 g, 1.91 mmol) were added to 15 ml chloroform. The 
mixture was stirred for 24 hours at room temperature, after which the solution was poured 
out into 750 ml methanol. The precipitate was collected and extracted with a Soxhlet 
apparatus for 72 hours with methanol and the product was collected by extraction with 
chloroform. The chloroform solution was concentrated and precipitated in 1 L methanol. 
The collected product yielded 0.42 gram of RIR DTOT-PT. 
1H-NMR (CDCl3): δ (ppm) = 0.80 (t, 3H, CH3), 1.2 (m, 18H, CH2), 1.6 (br. t, 2H, T–CH2–
CH2–R (D)), 2.7 (br. t, 2H, T–CH2–R (D)), 3.0 (br. t, 2H, T–CH2-CH2 (TOT)), 3.3 (s, 3H, 
OCH3), 3.4–3.7 (m, 14H, CH2–O), 6.95 (s, 1H, C=HC (4’, D)), 6.98 (s, 1H, CH=CH (4, 
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 Recent years have seen the increased use of organic materials for opto-electronic 
applications, such as light-emitting diodes (LEDs) and photovoltaic cells, as well as for 
field-effect transistors (FETs). Such applications require a combination of material 
properties, for example, good conductivities for holes as well as for electrons, or both 
electron-donating and electron-accepting capabilities. Since the combination is not likely to 
be found in a single component, a range of multi-component systems have been evaluated 
for use in devices and some have clearly shown beneficial effects. However, simple 
mixtures containing a polymer component may exhibit macrophase separation. Macrophase 
separation occurs on a length scale of micrometers (or coarser), which is too large for 
optimum performance. This is especially true when essential processes rely on the diffusion 
of excited species to the interface between the components. The diffusion length of a 
neutral exciton, for example, is of the order of several nanometers. Hence, in a simple 
blend, most of the excitons will be lost to some decay channel before having a chance to 
interact with the second component. 
 When it comes to the combination of desirable properties in a single chemical 
compound, block copolymers are the materials of choice. They show the phenomenon of 
microphase separation (if the product of molecular weight (N) and interaction parameter (χ) 
is large enough (>10)) into various ordered structures on a nanometer scale, while the 
blocks of one macromolecule can have different functionalities. These properties comply 
well with the requirements for performance enhancements of opto-electronic devices, and 
the research presented in this thesis, therefore, focuses on the design, preparation and 
evaluation (morphological and opto-electronic) of appropriately functionalized block 
copolymers. 
 We chose one of the blocks as poly(2,5-dioctyloxy-1,4-phenylene vinylene) (PPV), a 
polymer frequently used in opto-electronic applications, serving as the hole-transporting 
and luminescent material in a LED or as the light absorber and electron donor in a 
photovoltaic cell. The second block should contain the complementary functionality 
required for the specific application: an electron-conducting material to achieve balanced 
charge transport in LEDs (e.g. an oxadiazole) or an electron acceptor (e.g. C60) for 
photovoltaic cells. To achieve microphase separation, the second block should also be 
incompatible (high value of interaction parameter) with the PPV block. 
 The PPV block of our designed block copolymers is made by a Siegrist 
polycondensation, which allows us to control the end-group of this block. Subsequently, the 
end-group is replaced by an initiator that is capable of performing a controlled/“living” free 
radical polymerization. This method provides us with control over the length of the second 
block and a broader choice of (functional) monomers that can be used for the formation of 
the second block. Using this method, many PPV-based block copolymers have been 
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synthesized and their optical and thermotropic properties investigated. The block 
copolymers based on PPV exhibit a liquid-crystalline mesophase between 55 and 185 °C 
where the lower transition temperature is most likely related to side-chain melting and the 
higher transition temperature is the clearing temperature. Depending on the second block, 
the glass transition temperature can vary from –45 °C for poly(n-butylacrylate) to 150 °C 
for poly(4-vinylpyridine). 
 Block copolymers based on PPV and polystyrene (PPV-b-PS, Figure 1A, left), and its 
C60-functionalized counterpart (PPV-b-P(S-stat-C60MS), Figure 1A, right) were 
investigated in more detail. The processing conditions (solvent, humidity and temperature) 
were found to have a drastic influence on the ultimate morphology of the cast film. Our 
spectroscopic studies show that PPV-b-PS exhibits a completely different behaviour in 
carbon disulfide (CS2) than in chloroform. The differences in the chain conformation in 
solution are reflected in distinct morphologies of the polymer films. When the PPV-based 
block copolymers are cast from chloroform or o-dichlorobenzene, the resulting film 
exhibits a microphase-separated morphology but no higher-level structuring. Both PPV-b-
PS and PPV-b-P(S-stat-C60MS) give rise to similar microphase ordering (Figure 1B). 
 However, upon drop casting a solution of PPV-b-PS or PPV-b-P(S-stat-C60MS) from 
CS2 onto a glass slide in a flow-hood, we observed the condensation of water on the surface 
of the liquid film. After complete evaporation of the solvent, the samples revealed a highly 
ordered, two-dimensional, hexagonally close-packed air hole structure in the polymer film 
(Figure 1C). 
 The covalent incorporation of C60 into PPV-based diblock copolymer resulted in a 
donor–acceptor diblock copolymer that demonstrated a very efficient electron transfer upon 
excitation of the PPV block. The strong quenching of the photoluminescence from the PPV 
block indicated an efficient electron transfer at the donor–acceptor interface. 
 Photovoltaic devices based on thin films of donor and acceptor moieties, either a blend 
of donor and acceptor homopolymers or a donor–acceptor block copolymer, were prepared 
by sandwiching the photo-active polymer film between two dissimilar electrodes. The 
donor–acceptor block copolymer demonstrated a superior photovoltaic response over the 
blend of the two constituent homopolymers, which is attributed to the smaller length scale 
of the phase separation in the block copolymer film. This increases the donor–acceptor 
interfacial area relative to that of the blend and promotes the formation of continuous 
pathways for both holes and electrons. Hence, it prevents holes and electrons to recombine 









Figure 1 From molecule to device. Molecular model of PPV-b-PS (A, left) and PPV-b-
P(S-stat-C60MS) (A, right), microphase-separated morphology obtained by 
casting from 1,2-dichlorobenzene (B), honeycomb-structured morphology 
obtained by casting from CS2 (C), and the ultimate device configuration (D). 
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 Instead of making devices by casting a block copolymer solution onto a substrate, a 
novel approach to molecularly building a device from the substrate’s surface is 
demonstrated. By chemically grafting an initiator onto the surface, we were able to 
efficiently construct a diblock copolymer layer and control its layer thickness accurately. 
This method provides a novel approach to chemically modifying the surfaces between the 
active polymer and the electrodes in opto-electronic devices like polymer-based light-
emitting diodes and photovoltaic cells. 
 For the application of field-effect transistors (FETs), regioregular polythiophenes are 
potentially the most useful polymers, as they exhibit highly ordered phases in the solid-
state. We designed, synthesized and investigated amphiphilic, regioregular polythiophenes 
that can be molecularly aligned by utilizing a Langmuir–Blodgett trough. The solution-cast 
films of the amphiphilic, regioregular polythiophenes exhibit liquid-crystalline lamellar 
mesophases with thermotropic transitions at 0 °C, 60 °C and 120 °C. These transitions are 
attributed to the melting of the tetraethyleneglycol monomethyl ether side-chains, the 
dodecyl side-chains and the polythiophene backbones, respectively. Diffraction techniques 
demonstrate that these polythiophenes are highly ordered in the solid-state. 
 In general, this thesis demonstrates that structuring at the nanometer level is one of the 
features of functional materials of the new generation, including, but not limited to, opto-
electronic materials. Most efficiently and elegantly, this structuring is accomplished 
through self-organization of matter. The concept was proven to be highly applicable to 
block copolymers, which can be chemically fine-tuned to show phase separation at the 








 De laatste jaren hebben een toenemend gebruik laten zien van organische materialen 
voor opto-electronische toepassingen zoals licht-emitterende diodes (LEDs) en 
fotovoltaïsche cellen (zonnecellen of PVDs), en tevens als veld-effecttransistoren (FETs). 
Dergelijke toepassingen vereisen een combinatie van materiaaleigenschappen zoals een 
goede geleiding voor gaten (een vacante positie achter gelaten door een electron en een 
virtuele drager van een positieve lading) en voor electronen, of zowel electrondonerende als 
electronaccepterende capaciteiten. Daar het onwaarschijnlijk is dat de combinatie van deze 
eigenschappen te vinden zal zijn in één enkele component, is een scala aan 
meercomponentensystemen geëvalueerd voor het gebruik in toepassingen, waarbij enkele 
daarvan een duidelijk voordelig effect vertonen. Echter, eenvoudige mengsels van 
polymere componenten kunnen macrofasescheiding vertonen. Macrofasescheiding vindt 
plaats op een lengteschaal van micrometers (of grover), wat te grof is voor een optimale 
prestatie. Dit geldt met name wanneer essentiële processen berusten op de diffusie van een 
aangeslagen toestand naar de grensvlakken tussen beide componenten. Zo is bijvoorbeeld 
de diffusielengte van een neutraal exciton (een gebonden electron–gat paar) in de orde van 
grootte van een tiental nanometers. Het gevolg daarvan is dat, in een eenvoudig mengsel 
van die componenten, de meerderheid van die excitonen verloren gaat langs diverse 
vervalkanalen (fluorescentie dan wel stralingsloos verval), voordat de excitonen een kans 
hebben om uiteen te vallen in een gat en een electron door interactie te ondergaan met de 
tweede component. Een andere eis die gesteld moet worden aan de zonnecellen is dat de 
electronen en gaten, nadat ze eenmaal gescheiden zijn, een continu pad voor zich moeten 
hebben om naar de electroden te kunnen migreren. 
 Wanneer een combinatie van bepaalde eigenschappen gewenst is, zijn 
blokcopolymeren de uitverkoren materialen. Zij vertonen het fenomeen van 
microfasescheiding (indien het product van het molecuulgewicht (N) en de Flory–Huggins 
interactieparameter (χ) groot genoeg is (>10)) met een verscheidenheid aan geordende 
structuren op een schaal van enkele tot tientallen nanometers, terwijl de blokken van dit 
macromolecuul verschillende functionaliteiten kunnen bezitten. Deze eigenschappen van 
blokcopolymeren kunnen een cruciale rol spelen in de prestatieverbetering van opto-
electronische toepassingen. Daarom richt het onderzoek, gepresenteerd in dit proefschrift, 
zich op het ontwerpen, het synthetiseren (bereiden) en het evalueren (testen van de 
morfologische en opto-electronische eigenschappen) van speciaal gefunctionaliseerde 
blokcopolymeren. 
 Voor het eerste blok is onze keuze gevallen op een voor opto-elektronische 
toepassingen alom gebruikt polymeer, namelijk poly(2,5-dioctyloxy-1,4-fenyleen vinyleen) 
(PPV). Dit blok dient als gatengeleider en lichtuitzendend materiaal in LEDs of als 
lichtvangend en electrondonerend materiaal in een organische zonnecel. Het tweede blok 
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moet derhalve beschikken over de bovengenoemde completerende eigenschappen voor de 
specifieke toepassing, namelijk: een electrongeleidend materiaal om een gebalanceerd 
ladingstransport te bewerkstelligen in LEDs (een geschikt organisch molecuul hiervoor is 
het zogenaamde oxadiazool) of een electronaccepterend materiaal (bijvoorbeeld C60) voor 
de toepassing in zonnecellen. Om zorg te dragen voor een microfasescheiding moet het 
tweede blok tevens incompatibel zijn met het PPV blok. 
 Het PPV blok van het door ons ontworpen blokcopolymeer is gemaakt volgens een 
zogenaamde Siegrist polycondensatie, die ons in staat stelt om precies één functionele 
eindgroep per polymeerketen te krijgen. Vervolgens kan deze eindgroep vervangen worden 
door een initiator die een “levende”/gecontroleerde radikaalpolymerisatie ondersteunt. Met 
deze speciale techniek kan het molecuulgewicht eenvoudig onder controle worden 
gehouden. Tevens verleent die techniek ons de mogelijkheid om verschillende (functionele) 
monomeren te gebruiken om het tweede blok te vormen. Door deze methode toe te passen 
hebben wij vele verschillende blokcopolymeren kunnen synthetiseren en hun morfologische 
en opto-electronische eigenschappen kunnen bestuderen. De blokcopolymeren gebaseerd 
op PPV bevatten vloeibaar-kristallijne mesofasen tussen 55 °C en 185 °C, waarbij de lage 
overgangstemperatuur is toegekend aan het smelten van de dioctyloxy zijketens en de hoge 
overgangstemperatuur aan het smelten van de PPV hoofdketens. Afhankelijk van het 
tweede blok, bezitten deze blokcopolymeren een glasovergangstemperatuur die varieert van 
–45 °C voor poly(n-butylacrylaat) tot 150 °C voor poly(4-vinylpyridine). 
 De blokcopolymeren gebaseerd op PPV en polystyreen (PPV-b-PS, Figuur 1A, links) 
en op zijn C60-gefunctionaliseerde analogon (PPV-b-P(S-stat-C60MS), Figuur 1A, rechts) 
zijn in detail onderzocht. De omstandigheden tijdens de verwerking (luchtvochtigheid, 
temperatuur en oplosmiddel) van deze blokcopolymeren voor de toepassing in plastic 
zonnecellen bleken een enorm effect te hebben op de uiteindelijke morfologie van de dunne 
laag (film). Spectroscopische studies leerden ons dat het blokcopolymeer PPV-b-PS zich 
volledig anders gedroeg in het oplosmiddel koolstofdisulfide (CS2) dan in 
standaardoplosmiddelen zoals chloroform en 1,2-dichloorbenzeen. Het verschil in de 
ketenconformatie in oplossing kon direct worden gerelateerd aan de totaal verschillende 
morfologieën van de polymere films. Door films te maken vanuit een oplossing van PPV-b-
PS in chloroform of 1,2-dichloorbenzeen werd een microfasegescheiden morfologie 
verkregen bestaande uit langgerekte domeinen van de respectievelijke blokken. Zowel films 
van PPV-b-PS als van PPV-b-P(S-stat-C60MS) bezaten dezelfde soort microfasegescheiden 
structuur (Figuur 1B). 
 Wanneer dezelfde blokcopolymeren (PPV-b-PS en PPV-b-P(S-stat-C60MS)) vanuit een 
oplossing in CS2 worden verwerkt tot films onder een laminaire luchtstroom, is een 
duidelijke condensatie van water op het vloeistofoppervlak zichtbaar. Dit is te wijten aan de 
snelle verdamping van het oplosmiddel, waarbij temperaturen worden bereikt van maar 
liefst –6 °C. Door deze koeling condenseert water uit de lucht op het vloeistofoppervlak. 
Nadat het oplosmiddel volledig is verdampt, warmt de film weer op en zal tevens het water 
Samenvatting 173 
verdampen. Dit resulteert in een sterk geordende (hexagonaal), twee-dimensionale 
gatenkaasstructuur in de polymere film (Figuur 1C). Hoewel het mechanisme nog nadere 
studie vereist, is het interessante van dit resultaat dat er verrassende fysische verschijnselen 
zijn opgetreden die hebben geleid tot structuurvorming op micrometerschaal. Deze 
structuurvorming is veel grover dan de beoogde microfasescheiding (5–50 nm). De 
gevonden structuren kunnen hun toepassing vinden in geleiding en lokalisatie van 
elektromagnetische golven (waveguiding, photonic bandgap material) in het 
telecommunicatiegebied. De poreuze, open structuur van de hierboven beschreven films 
zou tevens voordelen kunnen geven bij gebruik in zonnecellen. Volkomen vlakke films 
hebben het nadeel dat, met name bij een niet-loodrechte lichtinval, veel zonne-energie niet 
wordt geabsorbeerd maar gereflecteerd of doorgelaten. De holten van de honingraatfilms 
zullen het licht daarentegen “vangen”. 
 De covalente inbouw van C60 in het PPV diblokcopolymeer resulteert in een donor–
acceptor blokcopolymeer dat een zeer efficiënte electronenoverdracht kent direct nadat de 
donor is aangeslagen door licht. Een sterke onderdrukking van de fluorescentie (nagenoeg 
100 %) is het bewijs voor deze efficiënte excitonsplitsing op het grensvlak van de donor 
met de acceptor. 
 Plastic zonnecellen gebaseerd op dunne films van donor–acceptor blokcopolymeren 
(microfasegescheiden films) werden vergeleken met zonnecellen van een mengsel van 
donorhomopolymeren en acceptorhomopolymeren (macrofasegescheiden films). Om een 
goede vergelijking te krijgen, werden beide zonnecellen voorzien van evenveel donor- en 
acceptormateriaal. De zonnecellen zijn opgebouwd uit een met indium–tin-oxide (ITO) 
bedekte glasplaat als transparante electrode en een aluminiumelectrode bovenop de actieve 
polymeerlaag (Figuur 1D, rechts). De donor–acceptor blokcopolymeren demonstreerden 
een superieur fotovoltaïsch effect ten opzichte van het mengsel van beide componenten. Dit 
is te danken aan de kleinere schaal waarop de fasescheiding optreedt in de 
blokcopolymeerfilm. Het gevolg van de microfasescheiding is dat er een groter oppervlak 
ontstaat tussen de donor- en de acceptorcomponenten, zodat het exciton minder kans krijgt 
om te vervallen. Door het verval van het exciton te onderdrukken is de kans op uiteenvallen 
van het exciton vergroot, waardoor er meer stroom kan worden opgewekt uit zonnecellen 
gebaseerd op blokcopolymeren. Daarnaast is het meer waarschijnlijk dat er een continu pad 
bestaat voor electronen en gaten naar de electroden in het geval van de 
microfasegescheiden plastic zonnecellen. Met het toepassen van blokcopolymeren in plastic 
zonnecellen is een nieuwe bron aangeboord die in principe onuitputtelijk is qua variatie en 
optimalisatie. Uit deze bron kan in de toekomst worden geput om een nieuwe generatie 
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Figuur 1 Van molecuul tot toepassing. Een moleculair model van PPV-b-PS (A, links) 
en PPV-b-P(S-stat-C60MS) (A, rechts), de microfasegescheiden structuur door 
verwerking vanuit 1,2-dichloorbenzeen (B), de honingraatfilms door 
verwerking vanuit CS2 (C) en de uiteindelijke toepassing in een LED (D, 
links) en een zonnecel (D, rechts). 
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 Naast het maken van zonnecellen of LEDs door middel van het spreiden van films 
vanuit een oplosmiddel, beschrijft dit proefschrift tevens een zeer vernieuwende aanpak om 
op moleculaire schaal de apparaten (zonnecellen en LEDs) op te bouwen. Deze nieuwe 
methode is gebaseerd op het chemisch functionaliseren van een substraatoppervlak met 
initiatoren die vervolgens de polymere laag gecontroleerd kunnen doen groeien. De 
initiatoren zijn wederom in staat om een “levende”/gecontroleerde radikaalpolymerisatie uit 
te voeren, hetgeen als voordeel heeft dat de laagdikte nauwkeurig kan worden 
gecontroleerd en dat een tweede laag kan worden ‘gegroeid’ bovenop de eerste laag door 
simpelweg een ander monomeer te gebruiken. Volgens deze methode is het mogelijk om 
een polymere laag bloksgewijs op te bouwen en zelfs multi-laagsystemen te maken. Via 
deze innovatieve methode kunnen allerlei soorten oppervlak worden gemodificeerd 
waaronder de electroden van een zonnecel of van LEDs. 
 Voor de toepassing in veld-effecttransistoren (FETs) zijn regiospecifieke polythiofenen 
ontwikkeld, die een sterk geordende structuur laten zien in de vaste fase. Deze 
polythiofenen zijn ontworpen, gemaakt en onderzocht, omdat wij ze op moleculaire schaal 
kunnen oriënteren op een zogenaamde Langmuir–Blodgett (LB) trog. Zij zijn opgebouwd 
uit een polythiofeenhoofdketen met daaraan, op een alternerende wijze, hydrofiele en 
hydrofobe zijgroepen. De LB-trog bevat een waterlaag, waarop een monolaag van de 
amfifiele polythiofenen kan worden gespreid, met daarin twee barrières die worden 
gebruikt om de monolaag samen te drukken, waardoor de moleculen zich oriënteren op het 
wateroppervlak. Dit heeft zeer geordende films opgeleverd. 
 Diezelfde polythiofenen, ditmaal verwerkt vanuit een oplossing, bezitten ook 
vloeibaar-kristallijne overgangen bij 0 °C, 60 °C en 120 °C. Deze overgangen zijn 
respectievelijk toe te schrijven aan het smelten van de ethyleenglycolzijketens (hydrofiel), 
de dodecylzijketens (hydrofoob) en de polythiofeenhoofdketen. Electronen- en 
Röntgendiffractiemetingen bevestigen de sterke ordening van deze polythiofenen in de 
vaste fase. 
 De rode draad in dit proefschrift beschrijft dat gecontroleerde structurering met 
afmetingen van nanometers, één van de belangrijkste aspecten is voor de nieuwe generatie 
van functionele materialen, inclusief, maar niet beperkt tot, opto-electronische materialen. 
Zeer efficiënt en elegant kan die structurering worden bewerkstelligd door zelf-organisatie 
van de materialen. Dat concept is toepasselijk, zoals in dit proefschrift bewezen, op 
blokcopolymeren, die chemisch kunnen worden afgestemd om fasescheiding met de juiste 
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Abbreviations, acronyms, symbols and nomenclature 
 
A Ampere 




AlCl3 Aluminum trichloride 
ATRA Atom transfer radical 
addition 











CS2 Carbon disulphide 
CSA Camphor sulfonic acid 
Cu Cupper 
D–A Donor–acceptor 
dn/dc Refractive index increment 















EPON Cross-linked epoxy resin 
ETL Electron transport layer 
EtOH Ethanol 
eV Electronvolt 
Exciton Bound electron–hole pair 
f Femto (10-15) 
FET Field-effect transistor 
FF Fill factor 
g Gram 




1H-NMR Proton nuclear magnetic 
resonance 
HH Head-to-head 
HOMO Highest occupied molecular 
orbital 
HOPG Highly oriented pyrolytic 
graphite 
HT Head-to-tail 
HTL Hole transport layer 
I Intensity 
I Current 




ITO Indium–tin oxide 
JSC Short-circuit current 
density 
k Kilo (103) 
KOtBu Potassium-t-butoxide 
l Liter 
Laser Light amplification by 
stimulated emission of 
radiation 





LED Light-emitting diode 
LiAlH4 Lithium aluminum 
hydride 
LiF Lithium fluoride 
LS Light scattering 
LUMO Lowest unoccupied 
molecular orbital 















MMA Methyl methacrylate 
n Nano (10-9) 
N Degree of 
polymerization 
NaBH4 Sodium borohydride 
NEt3 Triethylamine 














p Pico (10-12) 




























PLED Polymer light-emitting 
diode 
PMMA Poly(methyl methacrylate) 









phenylene vinylene). In 
this thesis ~ DOO-PPV. 
PS Poly(styrene) 
PSS Poly(styrenesulfonic acid) 
PT Poly(thiophene) 
pTSA para-Toluenesulfonic acid 
PVD Photovoltaic device 







RuO4 Ruthenium tetraoxide 
s Second 
S Styrene = St 
S Sensitivity 





SEC Size exclusion 
chromatography 
SEM Scanning electron 
microscopy 
SFM Scanning force 
microscopy (=AFM) 
Si Silicon 




Tdecomp. Decomposition temperature 
Tg Glass transition 
temperature 
TK–LC Crystal-to-liquid crystal 
transition temperature 
TLC–I Liquid crystal-to-isotropic 
transition temperature 











TIR Transmission infrared 
TM Tapping mode 
TOF Time-of-flight 
TT Tail-to-tail 
UOC Open-circuit voltage 
UHV Ultra high vacuum 











w Weight fraction 
W Watt 
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XPS X-ray photoelectron 
spectroscopy 
χ Flory–Huggins interactions 
parameter 
Å Angstrom (10-10 m) 
∆H Enthalpy increment 
µ Micro (10-6) 
λmax Maximum absorption or 
emission wavelength 
Π Surface pressure 
τ Decay time 
°C Degrees Celsius 
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